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Abstract

Dengue viruses (DENV) are mosqultorne flaviviruses that cause a severe
febrile illness, and sometimes a potentially lethal syndrome called éengu
haemorrhagic fever (DHF). Despite decades of effort, the global resurgence of
dengue is testament to the inadequacy of current control measures. Dengue has
become an immense international public health concern: WHO estimates that
there are 5A.00 milliondengue infections and 500,000 cases of DHF hospitalised
each year. Thus dengue has a major economic impact in the developing world

through loss of healthy life and utilisation of constrained health resources.

Global dengue control is likely to requirecambined approach based on the
development of successful strategies for immunization and antiviral drugs, as well
as vector control. Better understanding of DENV pathogenesis presents new
opportunities for design of rationally attenuated vaccine candidaigsantiviral
therapies. This thesis focuses on understanding a critical step in DENV
pathogenesis: evasion of human innate immune responses mediated by interferon.
A lentiviral vector system was developed to express dengustnactural (NS)
proteins inhuman cells, and we used this to shbattexpression of dengue NS5
alone inhibited IFNU, but-onotsi gEMI Ui rsg.gnBhéd i InHN c
blocked downstream of Tyk2 phosphorylation: NS5 binds to the transcription
factor STAT2 and inhibits its phosphorylation. The polymerase donfdisb is
sufficient to block IFNU i nduced signal transduct.ii

require NS5 nuclear translocation. We finally tested several hypotheses to explain



why STAT2 degradatiomccurs in both DENMnfected andepliconcontaining

cells, butnot when NS5 is expressed alone.

The most important conclusion from this work is that DENV NS5 is a potent
and specific type | IFN antagonist. The results of this study are an important step
in defining the molecular pathogenesis of dengue, and proluds to potential

new approaches to combat this disease.
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1.1 EVOLUTION AND SOCIAL IMPACT OF
DENGUE VIRUS

The dengue viruses (DEMNY constitute a group of mosquitmrneflaviviruses
characterised by a positive singilg|and RNA genome surrounded by
nucleocapsid and lipid envelope. DENVs are one of the main causes of arboviral
diseases in tropical and subtropical countraes] 3.5 billion people worldwide
are currently at risk for DENV infectio(Kyle and Harris 2008)WHO currently
estimates that there may be 50 million DENV infections worldwide each year,
with 500,000 people hospitalised for dengue haemorrhagic fENéF)( the most
severe form of dengue disea@HO 2009) Dengue and dengue haemorrhagic
fever, fact sheet 817, March 2009). DENV is responsible for more than 24,000
deathsper year mainly amongst children under 15 years @&ibbons and
Vaughn 2002)and since the 1950s, the incidence of DHF has increased over 500
fold (Kyle and Harris 2008)The increasing incidence and severity of dengue
episodes go along with failure of mosquito containingasuees and with the
unavailability of vaccines and antiviral therapiddter more than 50 years of
research, dengue remains an alarming public health problem, with high economic
and social impact, weighing heavily on the financial and human resources of

developing countries.

1.1.1 Epidemiology of dengue

There is no consensus about when dengue first appeared in the human

population. Descriptions of an illness clinically compatible with dengue fever

25



(DF) can be found in a Chinese Medical Encyclopaelditing back to 992 A.D
(Gubler 1998) Late in the XVIII century, a disease strongly resembling dengue
was causing intermittérepidemics in Asia and Americhut it was only during

the XIX and XX centuries that the disease Wydspread in tropical and
subtropical regiongHayes and Gubler 1992; Monath 1994fter the Second
World War, a new denguassociated disease, DHF, was reportedridemically
infected areas in Southeast AsfAMMON et al. 1960) The first well
documented outbreak of DHF occurred in Manii 19531954(HAMMON et al.
1960) followed by a larger outbreak in Bangkok in 195&lstead 1980h)since

then, DHF has become endemic in all countries in Southeast(Asimes and
Twiddy 2003) Despite intensive mosquito control measures, DHF now represents
a significant health problem in the Ameriq&&uzmanret al. 1984a; Guzmaet al.
1984%). Although major epidemics are less commonly reported in Africa, due to
the extremely poor surveillance the presence of dengue in this continent is not

clear(Holmes and Twiddy 2003)

Dengue epidemics are strongly correlated with demographic and societal changes
In the last 60 years the population in the tropics has grown rapidly, leading to
uncontrolled urbanisation. In most large cities,deguate management of water
and waste has provided additional breeding sides for the mosquito vectors,
promoting cecirculation of multiple virus straingGubler 1998; Gibbons and
Vaughn 2002) In 2004, Cummings and colleagues provided evidence that urban
environments promote the generation of new epidestnains, demonstrating the
existence of epidemic waves of dengue that originate in Bangkok and spread

throughout Thailand every three yeé@&ummingset al. 2004) Further, while in
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the past sporadic introductions of new strains were brought only by sea travel, air
travel now enables infected people to act as proper human vectors, importing
viruses intononrendemic areafRosen 1977; Gubler 1998; Gibbons and Vaughn

2002)

In the future, tpbal warmingis expected to shift the spectrum of many infectious
diseases, especially those transmitted byedtss Even though there is no
consensus about the impact of global warming on dengue diffusien, t
distribution of theAedesmosquitq the main vector of DENV, is strictly regulated

by climate: should the planet become warni2ENYV is likely to spread beynd

the current subtropical areas. A2increase in temperature would also lengthen
the mosquito lifespan, resulting in more infected vectors for a longer period of

time (Kyle and Harris 2008)

1.1.2 Phylogenyof DENV

Amongst the mosquitborne flaviviruses, DENV falls into a distinct serogroup
that is phylgenetically related to the Japanese encephalitis serogroup and yellow

fever virus (YFV) (Kunoet al.1998)

The most recent common ancestor of DENV serogroup is estintat have
originated about 1000 years agdwiddy et al. 2003) Today there are four
distinct serotypes of DENV: DENM, DENV-2, DENV-3 and DENV4. Within
each serotype, agroupPENVs fAihaving no more than 6¢
over a chosen i nter v gRico-Hesss 1980¢Basechard a s
sequences of the envelope (E) gene or of HNSE boundary, DENVL is further
divided into four to five genotypes, DEN¥ into six, DEN\W3 into four, and

DENV-4 into two(reviewed in Kyle and Harris 2008)
27



DENV was origindly a sylvatic pathogen mainly infecting ntwuman primates
(Wanget al. 2000) When the human population was sufficiently large tstasn
viral transmission, sporadic outbreaks in humans could occur following
encroachments into the forest habitat. The first strains able to infect humans
probably became extinct once the supply of susceptible hosts was exhausted, and
this has probably l@n the case for most virus strains causing dengue outbreaks

before urbanisatiof\Wolfe et al.2001; Twiddyet al.2003)

Some hypotheses suggest that the four serotypes evolved within a single
population due to natural selection: accogito these theories, distinct serotypes
would constitute an evolutionary advantage because of the antilepdyndent
enhancemenphenomenor(ADE, seesection1.3.2.3, which actively promotes
secondary infection by different serotypes. However, if genetic diversity were
mainly dependent on ADE, than the virus would be expected to be subject to
continual immune selection pressure: studies on natural selection in DENV show
that this is not the casnd it is now believed that the four serotypes have evolved
independently, and that ADE is more likely to be a consequence rather than the
cause of their existendggdolmes and Twiddy 2003)Over the past 200 years,
genetic diversity within each serotype has risen dramatically, and understanding
the rate at which such diversity is changing and whether specific determinants
exert selection pressuod DENV evolution could be critical to predict changes of

virulence and to design more efficient control strategies.
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1.2 STRUCTURE AND REPLICATION OF DENGUE
VIRUS

1.2.1 Transmissioncycle

DENV replication and spread is perpetuated by a circular transmission cycle
involving humans andAedes species mosquitoesA¢des aegypti, Aedes
albopictus, Aedes polynesiengiSmith 1956) The mosquito remains infected for
life, but the virus is only known to cause illness in hum@ibbons and Vaughn
2002) Aedesmosquitoes are dispersed worldwide between latitudes 35°N and
35°S. They live in close proximity to humarad feed preferentially on human
blood. Differently fromAnophelesmosquitoes-the malaria vecter Aedesare
daytime feeders and their bite is imperceptibllieey rest indoorsand this
maximises humaivector contact, and also minimisesntact with inseticides

(Gibbons and Vaughn 2002; Weaver and Barrett 2004)

Aedes aegypprobably spread from jungles of Africa throughout the rest of the
world via slave and trading ships between the seventeenth and the nineteenth
centuries(Smith 1956; Bosingeet al. 2009) Aedes albopictuss a secondary
vector of DENV in SoutheastAsia, the Western Pacific and, increasingly, in
Central and South AmericgGratz 2004) In recent decadeA. albopictushas
spread in North America, probably from Japan, and its range stretches farther
North thanA. aegypti (Hawley et al. 1987; Gratz 2004)Eggs are resistant to
subfreezing temperatures and this raises the possibilityAthatbopictuscould
mediate a remergence of dengue inetlunited States an Europe(Hawley et

al. 1987)
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DENV replicates in the salivary glands of adult female mosquitoes, reaches the
blood streamand through iit gains access to different tissues (nervous system,
gut, epidermal cells, ovary). Infected mosquitoes transmit the virus to humans by
biting: since DENV infects organs controlling feediagsociated activities,
infected mosquitoes take longer to completeblaod meal compared with
uninfected ones, and as the slightest movement interrupts feeding, several people

may be bitten in a very short period of tifiattet al. 1997)

Once in the human host, DENV replicates efficiently and at very high rate,
reaching high enough titres to be transmitted to another mosquito through a blood

meal.

1.2.2 Target cells of DENVinfection in human

Several cell types have been shownstipport DENV replicatiom vitro, but
the target of DENV infectionn vivo is still a matter of speculation. Mosquito
vectors release DENV in the skin during a blood meal and several studies have
shown that dendritic cells in the epidermis and dermes #e first cells
encountering the virus and able to support viral replica{Mu et al. 2000;
Libraty et al. 2001) Even though for a long time monocytes and macrophages
have been suggested to be the main target of DENV infe(itlatsteadet al.
1977a) Wu and colleagues showed that at a multiplicity of infectid®l) of
0.2, 2540% of immature monocytderived DCs are infecteth vitro with
DENV; in contrast, exposure of macrophages from theesaomor resulted in-1
2% of infected cells, while neither purified B lymphocytes nor T lymphocytes

were infectedWu et al. 2000) Immature DCs are highly permissive to DENV
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infection, whereas matui@Cs are relatively resista(@Vu et al. 2000) Different
expression of DENV receptor DEIGN (seesection1.2.3.) may provide an
explanation for this, since immature D@sgpress higher DGIGN density on

their surface than mature DCs.

After infection by DENV2 New Guinea C (NGLstrain, monocytelerived
DCs provide an efficient replication site for the viriito et al. 2001) 24 hours
after infection, virus particles can be detected in cytoplasmic vesicles, vacuoles
and endoplasmic reticulum (BERwvhere they induce hypertrophy of the rough ER
(RER), as well as swollen mitochondriAfter 48 hours, virus particles are found

outside the celfHo et al.2001)

DCs have been c alelimnunefsystemn, tas theg taptdre and
process microbial products and finally present thenth&o effector cells of the
adaptive immune responsgPalucka 2000) Several studies suggest that the
activation of DENVinfected immature DCs is blunted compared with the
surrounding uninfected cells, with lower expression of maturatiomkens
compared with bystander celltibraty et al. 2001) and reduced capacity to
stimulate TFcells in coculture (Palmer et al. 2005) Impaired activation of
infected DC suggest possible mechanism of evasion of the immune system, but
the exact role of DC in DENV pathogenesssnot clearand further studieare

required.

Liver dysfunctionin DENV infection has been correlated to DHF severity
(Wahid et al. 2000) and several lines of evidence showttli®ENV directly
invades the live(Kuo et al 1992; Hilgard and Stockert 200Q)iver cells have

been suggested to be one of the majors@teviral replication(Thepparit and
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Smith 2004) but besides the identification of some moieties involved in DENV
entry, little information is available on the interaction between DENV and

hepatocytes.

1.2.3 DENV life cycle

The major steps in the DENV life cycle can be briefly summarised as follows

(Figure 11):

1DENV virions attach to the host surface anckee the cellin endocytic
vesicles;

1 conformational changes induce fusion betwées viral membrane andhe
endocytic vesicleand the viral genome is released into the cytoplasm;

fthe positivesense RNA is translated into a polyprotein, which isasw post
translationally modified to generate 3 structural and 7starctural (NS) viral
proteins

fviral RNA is replicated, providing both new templat®r replication and
genomes for packaging infewvirions;
fvirions assemble on the ER surface, maturdnéGolgi, and are released via

exocytosis outside of the cell.

1.2.3.1 Fusionand entry

DENV infectious particles consist of an external glycoprotein shell and an
internal hosterived lipid bilayer, which surrounds the RNA genome and the
capsid proteins (core)he glycoprotein shell consists of 180 copies each of the

envelope glycoprotein E, which has been shown to be essential to viral infection
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Schematic diagram of DENV replication cycle.After binding, the DEN
virion is internalised in an endosomal vesicle. Fusion between vire
endosomal membranes is followed by release of the RNA genome
cytoplasm. The positive strand RNA can be immediately translated

polyprotein and processed into individual progiSome of these proteins
involved in virus RNA replication and subsequent production of new vi
Structural proteins and RNA assemble in new virion particles in the E
mature in the Golgi network. Mature virions are released via exocyfosis
Perereaet al.2008)
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(Perera and Kuhn 2008; Yai al.2008)
The cell entry mechanism of DENV is still under investigation. The first contact

between DENV infectious particles and the cell surface is mediated by the
interaction betwen DENV envelope glycoprotein E and cellular proteins or
carbohydrate molecules on the host surfgteng et al. 1999) DENV E protein

is organised in dimers. Each monomer is composed of thiearel domains
(Figure 1.2 A-B). Domainl is the central structural domain, domain Il contains
the fusion peptide, critical for the release of DENV nucleocapsid into the
cytoplasm after endocytosis, and domain Il is an immunoglofildendomain

containing putative recepttinding siteqCrill and Roehrig 2001)

The literature abounds with descriptions of putative ligands on different host
cells and for different DENV serotypeand it is possible that DENV exploits
different moleculesnechanismdo enter differentcell types. Heparan sulphates
(Hilgard and Stockert 2000; Gerrat al. 2002) Heat Shock Protein 70 (HSB70
and Heat Shock Protein 90 (HSPOQReyesDel Valle et al. 2005; Cabrera
Hernandezet al. 2007) GRP78/Bip (Jindadamrongweclet al. 2004) CD14
(Chenet al. 1999) andlaminin recepto(Thepparit and Smith 200#ave all been
implicated in viral entry, but only DSIGN and the mannose receptor (Miave
been shown to play an active role. The four serotypes of DENV have all been
shown to bind @ype lectin receptorC-SIGN (DC Specific ICAM-3 Grabbing
Norrintegrin) is a membrane protein on DC surface, carrying an external
mannosebinding Gtype lectin domain. DEIGN carbohydrateecognition
domains (CRDpon DENV E protein bind mannose residues within-BIGN on

DCs (Tassaneetrithepet al. 2003; NavarreSanchezet al. 2003) and the
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interaction is suftient for viral infection. Lozeh and colleague$éLozachet al.
2005) showed that internalisation of BEIGN is not necessary fODENV
infectivity and probably DESIGN does not function as a specific receptor but
allows virus attachment on cell surface. A second type-tfp€ lectin receptor,
themannose recepdr (MR), is also recognised by all DENV seroty&éller et

al. 2008) Since the MR is constitutively internalised, the authors suggest that,
differently from DGSIGN, the MR could work as a proper DENV receptor rather

than just as an attachment molec{Ngller et al.2008)

A different mechanism of viral entry exploits g-ceceptors (FgR) on the
surface of cells of the immune system: this phenomenon, called antibody
dependent enhancement (AP@Halsteadet al. 1970)has been suggesl to be a
critical determinant of DHF in secondary infections, and it will be described more
extensively insectionl.3.2.3 Interestingly, Boonnalet al (Boonnaket al. 2008)
showed that mature DC infectability is higher in ADE conditions, but when
sufficient levelsof DENV receptors are expressed, AdElependent mechanisms

of cell entry are preferentially used.

Attachment of DENV on the cell surface is followed by endosomal uptake
(Modis et al. 2004) Recent studies indicate that DENV enters the cell via
clathrinmediated endocytosis. A recent study performed on African green
monkey kidney cells shows that virus particles bind and move along the cell
surface in a diffusive manneeither as virugeceptor complexes, or rolling over
multiple receptors along the cell surfa@nd then associat® clathrincoated

pits. Shortly after, the clathrin spot matures into a clathrin vesiclelalinvers the
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Domain Il

Figure 12|

Organisation, membrane fusion and maturation of DENV E
protein.

A-B. Diagrams of DENV E protein ectodomains, s{@¢ and top(B)
view. E-H1, EEH2 and ET1, E-T2 (in blue) represent the stelid) anc
transmembrané€T) helices of the E protein; M1, M-H2 and MT1,
M-T2 (in orange) represent the stem and transmembrane helice:
M protein. C. Rearrangment of DENV virions duringnembran
fusion. The E protein dimers on the mature virideft) undergo
rearrangement to form the fusogenic interratstructurer{ght). The
solid triangle indicates the position of a quasi tHi@d axis, while th
arrows indicate the direction of the E rotatiqadapted fror
Mukhopadhyayet al. 2005) D. Maturation pr@ess of DENV virior
The E proteins, organised in trimers in the immature virikeft)
rearrange into dners to form the mature viral particheght).
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virus to early endosomes in the cytoplas@n der Schaaat al. 2008)
After mediating virus attachment to the cell surface and internalisation, the next

major role for DENV E protein is the release of the nucleocapsid into the
cytoplasm. Low pH in the endosome causes the dissociation of the E dimers into
monomers, and their irreversible-association into trimerd={gure 12 C). In the

new conformation, the three fusion peptides, previously buriedeeet\domain |

and IlIl, are finally exposed on the top of the trimer and can penetrate the

endosomal membrar{®odis et al.2004)

Fusion between virion and endosomal memesaresults in release of the viral
nucleocapsid into the cytoplasm. What happens to the nucleocapsid immediately
after is not known, and the precise mechanism of release of the RNA genome is

still under investigation.

1.2.3.2 Genomeorganisation

The DENV genoméFigure 13, A) consists of a positive singkranded RIA
molecule of about 11kb, containing 5 untranslated region (UTR-100
nucleotides), a single open reading frame (PBRfcoding the viral polyprotejin
and a 3° UTR (~400 nucleotides). Antethyl guanosineap structure covers the
5" endbut, unlike cellular MRNAs, the DENV genome ist 13 polyadenylated
(Bartenschlager and Miller 20083oth the 5’UTR andhe 3 terminal region of
the3" UTR contain complementary cyclisation sequences wtieghcritical roles
in the replication of the negative strand mRNA molecule, as descrilbstiion

1.2.3.4(Henchal and Putnak 1990; Khromy&hal.2001; Alvarezt al.2005)
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Schematic representation of DENV genome (A) andrpdicted membrane
topology of DENV polyprotein (B). The ~11 kb genome of DENV is translat
into a single polyprotein which traverses the ER membrane at several pc
PrM, E, NS1 and part of NS4A and NS4B are thought to localise to the ER
via hydrophobic signal sequences, whereas the remaining proteins are thc
localise on the cytoplasmic side of the ER. Arrows represent the polyj
cleavage sites recognised by viral or host proteasesndicated by differe
colours
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1.2.3.3 Genometranslation

Being positive sense, DENV RNA genome can be directly translated. When the
RNA-ribosome complex encounters the hydrophobic signal sequence at the C
terminus of the capsid proteithe polyprotein is directed to the endoplasmic
reticulum (ER). Signal spiences within the nascent polyprotein translocate NS1
and the ectodomain of prM and E into the lumen of the ER; the C protein, NS3
and NS5 localise in the cytoplasiigure 13, B) and NS2A, NS2B, NS4A and
NS4B remain predomindgttransmembrane. The anchoring process regulates the
start of the proteolytic processingMarkoff et al. 1994) Processing of the
polyprotein occurs before the translation is completed and is carried out by both
hostproteases the lumen 6the ER, and the viral protease NS3 and its cofactor
NS2B (Falgoutet al. 1991; Falgout and Markoff 1995Between C and privprM
and E, and betwedS4A and NS4B, the proteolytic cleavage is mediated by host
enzyme signal peptidasewhile the serine protease domain of NS3 cledlies
polyprotein between NS2A and NS2B, NS2B and NS3, NS3 and NS4A, NS4B
and NS5 and some other residues within its owsie@minus domair{Falgoutet

al. 1991; Zhanget al. 1992)

1.2.3.4 Genomereplication

About three how after infection, RNA replication can be detected in the
perinuclear region of infected cells, in association with smooth membranes.
Positive strand RNA viruses replicate in close association with -indigced
intracellular membranous structures: theseicsures provide a scaffold for the

replication complex and increase the local concentration of all components
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required(Bartenschlager and Miller 20Q8)n interesting hypothesis suggests that
these membranes malga prevent the activan of double stran®NA (dsRNA)-
induced host defence mechanisms and interferon produ@&amtenschlager and
Miller 2008). In DENV infected cells membrane alterations seem to be actively
induced by the noestructural protei NS4A (Miller et al.2007) which would also

anchor the replication complex to such membrghgslenbach and Rice 1999)

The RNAdependent RNA polymerase (RdRp) of DENN55 binds to a stem
loop structure in the 5° UTR dnit is transferred to the transcription initiation site
at the 3" end of the genome by®long range interaction@-ilomatori et al.
2006)(seesectionl.2.3.9. Cyclisation of the viral genome is therefore crucial for
viral replication and it may be a control mechanismrtsuee that only full length
templates are amplifie(Bartenschlager and Miller 2008y he replication starts
with the synthesis of a negative strand RNA. Tkelicative product, called
replicative formjs a fulklength, doublestranded RIA. The negative strand of the
replicative formfunctions as a template for the genenatof new positive RNA
strands; lte partially double stranded RNA formed during the elongation of the
nascent positive strain is calleeplicative intermediateThe héicase domain of
DENV NS3 helps the dissociation of the nascent RNA strand from its template
and the relaxation of RNA secondary structuf@srbalenyaet al. 1989) The
newly produced positive strand is then released from the replicative intermediate
and either attaches to ribosomes to undergo a new translationayaksembles

into new virions in th&ER (reviewed in Bartenschlager and Miller 2008)

DENV proteinsNS1, NS2A andNS4B have alsobeen suggested take part in
viral replication NS1 is assumed to act at an early stage of viral replication, but

its precise function is not known, NS2A has been suggested to athehuiral
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replicase to cellular membranasd torecruitthe RNA templatéMackenzieet al.
1998; Bartenschlager and Miller 200&nd NS4B might help the dissociation
between the viral RNA and the helicase NB&areddyet al. 2006) The role of

DENV NS proteins will be furthediscussedn sectionl.2.4

Finally, after RNA replication, a cap is added at the 5" terminus of theveosit
strand RNA moleculeThe addition of a cajs a three stage process involving
both NS3 and NS5. The RNAS -triphosphatase (RTPgsactivity of NS3 is
responsible for e cleavage of the #fiphosphate terminusand for the
subsequent adtibn of GMP to the 5'-diphosphatgBartelma and Padmanabhan
2002) the methyltransferase domain of NS5 is responsible fomtteylation of

the 5°GMPatthe N’ positionfirst, and then at the ribose 2{Egloff et al.2002)

1.2.3.5 Virion assemblyand release

Particle formation is a coordinated process involving the memiasseciated
capsid proteins C and the p#l heterodimer in the ER. €hmembrandound
capsid proteins (Chare organised in dimeric structures which constitute the
building blocks for the assembly of the nucleocaggsite molecule of RNA and
multiple C proteins) The basic, positively charged compositiorof the
nucleocapsidsuggests that the C proteins may function like histqMsset al.

2004)

The nucleocapsid and the pil heterodimers assemble in the ER, and the
complex acquires an envelope from the kuytoplasmatic membran@Henchal
and Putnak 1990; Mukhopadhyay al. 2005) Immature particles display 60
prominent and irregular spikes on theirfage, each spike consisting of a trimer
of prM-E heterodimers. The prM proteins cap the fusion peptides on the E
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proteins and protect the virus from premature fusion before re(@aset al.

2008; Li et al. 2008) Dependingon the pH of the cellular environment, the

i mmature particle can exist reversibly
forms. During the maturation process, due to the lowcphtitionsin the trans

Golgi network,the prM proteins expose a furin @eage site and the pr peptides
are irreversibly cleaved. As a consequence, the trimer is disrupted and the E
proteins rearrange in the characteristic and irreversible mature conformation, with
90 heterodimers lying flat on the viral surfadéég(re 1.2 D) (Mukhopadhyayet

al. 2005) The pr peptides, which are still associated to thd= Momplex,
dissociate only when the virion is released into the neutral pH of cellular
environment(Yu et al. 2008; Liet al. 2008). Immature virions are highly stable

and relatively inert, but the final cleavage step makes the virus more labile and
flexible for the subsequent penetration of the host cell. The dimers formed by the
E proteins organise in parallel groups of threghwhe putative receptdsinding

domain protruding from the surface, ready for binding cellular receptors.

Release of virus from infected cells occurs via secretory exocytosis: the vesicles
fuse with the plasma membrane of the host and mature virionsekra@sed

outside of the cel[Henchal and Putnak 1990)

1.2.4 DENV non-structural proteins

The precise function ofmost of the norstructural proteins of DENV is still
obscure and many effects of viral infection have not beereleded tospecific
proteirs yet. Structural information is available for NS3/NS2B and NS5 only.

Diverse fundbns have been attributed to eddBNV NS protén, but only few
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observations have been reproduced and validated. In spite of little information, the
literature suggests that most NS proteins are able to perform multiple functions, in
order to sustain efficient proliferation and, at the same time,dressfully evade

the main cellular mechanisms of antiviral defence.

1.2.4.1 NS1/NS2A

NS1 is a glycoprotein of 4@6 kilodalton (kDa). Newly synthesised NS1
appears irthe lumen asa monomer buit dimerises after 2d0 minutes without
intervention of other protem(Falgoutet al. 1989) The N-terminal of NS1 is
preceded bya localisation signabf 24 hydrophobicamino acidsthat lead the
protein to tke endoplasmic reticulum (ER) and is then cleaved. [dbalisation
signal is followed by a group of charged residuasl by a second hydrophobic
sequence of 14mino aci@ ading as a stojransfer(Falgoutet al. 1989) The
correct |ealisation of NS1 in the ER is critical for the subsequent attachment of
two N-linked high mannosearbohydrate moietiesnithe Golgi one of the two

carbohydrates is trimmed and processed to a complex(f@robst al. 2000)

NS1 is found intracellularly, on cell surface and, as soluble form, it is also
released extracellularlyThe role of intracellular NS1 is still uncler: its
association with the RNAJenome(Mackenzieet al. 1996) and with hnRNP
C1/C2 (human heterogenous nuclear ribonucleoproteinyolved in mRNA
biogenesis(Noisakranet al. 2008) togetherwith its colocalisationwith other
DENV NS proteirs involved in viral replicatioriMackenzieet al. 1998) suggests

a role for NS1 in RNA replicatigras mentioned isectionl.2.3.4

Transmembrane NS1has been observed to mimic cellular mechanisms of
signal transductionNS1 canbe anchoredo the host membrane via a glycosyl
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phosphatidylinositole (GPlanchor. The Nerminal of NS2A can act asGPI
anchor signal for NS1, and internal cleavages within NS2A occurring during the
processing of the viral polyprotein determine whether M&IL acqure the GPI
anchor or not(Jacobset al. 2000) The precise role of GPIl anchors remains
uncertain, but they arenplicated in signal transduction and confer on proteins the
ability to transfer between plasma membranes of different cells. Jacobs and
colleagues shoed thatbinding of antiNS1 antibodies to NSgroteinsanchored

on the cell surface initiatea signal tansductioncascadeleading to tyrosine
phosphorylationof a number of cellulaproteirs. The precise consequences of
such activation w DENV life cycle are not known,but the authors suggest that
signal transduction by NS1 could promote cellular activasiod in turn increase

production of viral progenfdacobst al.2000)

Up to 10ng/ml of a soluble hexameric form of NS1 can be founthé@blood of
DENYV infected peopldAlcon-LePoderet al. 2005) Whetherextracellular NS1
has any specific role is not clear, but soluld®l canactivate to completiothe
complement system, inducingcell damageand vascular leakagein DHF
(Avirutnanet al.2006) The roleof NS1 and of antibodies eliedl against NS1 in

DENV pathogenesiwill be further discussed isectionl1.3.3

The precise role diS2A remains unclear. Besides the role mentioned above in
helping NS1 correct localisation the ER and the acquisition of a GPI anchor,
NS2A has been suggested to take part in viral replicaseeséctionl.2.3.9, but

its precisefunction has not be identified.

1.2.4.2 NS2B/NS3
NS3is a 69 kDa multifunctional protein witprotease, helicase and capping
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activities. The protease domainlocalises at the Nerminus of NS3and is
required for the processing @ENV polyprotein NS2B is required for the
optimal activity of NS3, as its central region completes the subdiiadiéng site

of NS3(Erbelet al.2006) The catalytic triad (Hib1, Asp75, Serl35) is buried
betweenb-barrel structures andytirolysis occurs after a pair of basic residues
(Lys-Arg, Arg-Arg, or Arg-Lys), followed by a small side chaamino acid(Gly,

Ser, or Ala)(Luo et al. 2008) The substrate specificity of NS2B/NS3 has not
been extensively studied but Shafgeal (Shafee and AbuBakar 2003)uggest

that cleavages may occur also on substrates other than the viral polyprotein. In
this work apoptosis is observed in cells transfected with a functional NS2B/NS3
complex: this suggested that cleavage of apoptosis initiators or antagonism of
apoptosis inhibitors bYpENV NS3 might activate effector caspases and induce

apoptosis.

The Gterminus portion of NS3amino acids170-619) performs different
related activities, including theTPasédhelicase activityand the RTPase activity
(section 1.2.3.9. The helicase separates the nascent RNA strands from the
template and assists replication initiation by unwinding RNA secondary structures
in the 3'UTR(Gorbalenyaet al. 1989) The energy required is provided by the
nucleotide-triphosphatase (NTPase activity, which hydrolyse NTP g
phosphatesThe RNA-5’-triphosphatase (RTPase)is involved in the first step of
the RNA cappinglescribed irsectionl.2.3.4(Bartelma and Padmanabhan 2002)
During RNA replication, NS3 interacts with the hypophosphorylated form of
DENV NS5, and such interaction stitates both the NTPase and th&Hase

(Yon et al.2005)
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1.2.4.3 NS4A

NS4A is one of the least characterised proteins of DENke last 23amino
acids in the Gtermirus of NS4A (2K fragmenj act as a signal for the
translocation of NS4B into the ER lumeand are thenemoved by a host
signalase(Miller et al. 2007) NS4A isthe smallest of DENV proteins, highly
hydrophobic and thereforgghtly associated with cellular membrané&$e first
49 amino acidsat the Nterminus areexposed in the cytoplasrwhile four highly
hydroplobic transmembrane regior@ichor NS4A to ERlerived cytoplasmic
dot-like structures(Miller et al. 2007) As mentioned irsection1.2.3.4 NS4A
seems to be responsible for the generation of such cytoplasmic membrane
structures, particularly following removal of the 2tagment(Miller et al. 2007)

As outlined insection1.2.3.4 these same structures also contain dsRNA and
DENV NS proteinsinvolved in viral replication, suggesting that NS4A might re
organise cellular membranes in ordercteate the subcellular structures required

for DENV replication(Miller et al.2007)

1.2.4.4 NS4B

NS4B is a hydrophobic nostructural protein of 24&mino acids(27 kD3
(Miller et al. 2006) Immediately aftersynthesis, NS4B is found in perineakr
regionsof the cellin a pattern resembling the EBnd later ordarge NS4B foci
are visible all throughduthe cytoplasm. NS4B localises in the ER meanier;
directed by the 2K fragmerait the Gterminus of NS4A The N-terminal region
lies in the ERumen while the C terminus is cytoplasmthe rest of the protein is
constituted of transmembrane hydrophobamains(Miller et al. 2007) Yeast
two-hybrid assays and immunoprecipitation studi@se shown the association

between NS4B and the N$85 complex(Umareddyet al. 2006). Full length
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NS4B has been shown to interact with thete@ninal region of NS3
encompassing the helicase motiAs mentioned in section 1.2.3.4 this
observation suggesta role for NS4B in viral replication, by helpinghe
dissociation othe NS3 helicase from the RNA, and enablibipding of another
duplex. Alternatively, NS4B might hold the separated RNA strand apart as the

replicationcomplex moves along the dupl@dmareddyet al. 2006)

Together with NS4A and NS2A, NS4B has also bseggested to take part in
IFN antagonism(MunozJordanet al. 2003) Since the evasion of the IFN
response by DENV constitutes the focus of this thesis, the role of NS4B and other

nonstructural proteins irhe inhibition of IFN will be further discussed later.

1.2.4.5 NS5
NS5 (104 kDa)is the biggest non structural protein DENV and the most
conserved amongslaviviruses Across the four DEN\&erotypes, NS5 shares a

minimum of 67% amino acid sequence idenfitap et al.2007)

Based on structurand biochemical studies, twianctional domains have been
identified. The Nterminal dmain (amino acid residues2b0) is anS-adenosyl
methionine methyltransferase (MTasg which takes partin DENV genome
capping catalysingthe sequential binding of two methyl groups from an S
adenosyl methionine 0t h e of@ardy ne®IvhBlecule ofiral mMRNA (section
1.2.3.9 (Egloff et al. 2002; Zhouet al. 2007) The Gterminal region is the viral
RNA-dependent RNA polymerasgdRARp which synthesisea transient doubile
stranded RNA intermediat@nd then additional plustrand genomic RNAsSThe
crystal structure -DENV RdRp catalytic domain has been determi(i¢ap et al.
2007) The architecture oNS5 RdRp resembles the typical pattern of known
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polymerases, consisting of fingers, palm and thuBdtweenthe amino acid320
and 405, wo nuclear localisation sequence¢NLS) have been mappedboth
recognised by the importin systefiRorwoodet al. 1999; Johanssoet al. 2001,
Brooks et al. 2002; Pryoret al. 2007) Transport into the nuels of proteins
bigger than 45 Ra requires intrinsic targeting signals recognised by the importin
complex The imporing sysem starts withthe binding ofb-importin to the

b- NLS; this induces the recruitment of importirand its conformational change

a/ fmportin bindsa /-MLS and the target protein is translocated into the nucleus
in a GTRdependant proce¢Brookset al.2002) While DENV-1 carries only one
NLS, DENV-2, DENV-3 and DEN/-4 have a bipartite NLS (32868; 369389).

the first cluster seems to be critical for the interaction with NS3 (residue33212
are almost completely conserved between all strains) while the séesmiies
369-389)is critical for nuclear localisation and carrifge typical pattern of three
basic clustersof most NLSs (K371-K372; K388K389; R401K402) (Brooks et

al. 2002; Pryoret al. 2007) It has been shown that N8bntains also a nuclear
export signal (NESamino acids327-343) that uses theellular CRM1 exportin
complexto translocate from the nucleus to the cytopléBnyoret al.2006) Such

a mechanisnseems tgrevent nuclear accumulation of NS5 but the consequences
and the biological significance of thghuttling between nucleus and cytoplasm

have not been elucidated

Cellular localisation of NS5 seems to be degent on its phosphorylation
status.A low phosphorylated form localisen the cytoplasmwhere it interacts
with DENV NS3 and takes part inhe replication ofthe viral genome a high
phosphorylatedform dissociates from NS3 antlanslocatesinto the nuteus

(Kapooret al.1995; Johanssaoet al. 2001) Even though phosphorylation induces
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NS5 nuclear translocation, protein kinase @K@diated phosphorylation of Thr
395 in the NLS seems to inhibit nuclear targeting, probably thraugfioplasmic
retaining mechanism(Forwood et al. 1999) NS5 activity in the nuclear
compartment is not entiseclear, despite some hypothessuggesting a role for
nuclear NS5 irregulation of gene expression different stages of infectiorin
2005 Medinand colleague$Medin et al. 2005) suggested a role foMS5 in the
overexpression of IB. IL8 is a cytokine produced by virtually all cells in
response to LBSINF, and virus infection. Besides neutrophil recruitméstrole

is controversial as it can both enhance viral infection by antagonising interferon
ard itself act as an antiviral molecule. IL8 concentratisrhigh in the blood of
DHF patents, and it may be involved in increased endothelial permeability
(Boschet al.2002) Medin's work shows that vitro infection of huma myeloid

or endothelial cellby DENV induces secretion of IL8This effectwas attributed

to the NSS5mediated activation of specific cellular factors, such as the
CAAT/enhancer binding protein (C/EBRand to a lesser extent to MB. A later
study suggests that the induction of IL8 observed by Medin and colleagues is
more likely to be due to the cytoplasmic form of NEsyor et al. 2007) In this
work increased IL8 secretion is obsatvanly when nuclear NS5 is reduced. This
observation suggests that NS5 lilymamic control of IL8 production analfter
initial induction mediated by cytoplasmic NSHuclea translocation of NS5
reduces IL8 productioPryor et al. 2007; Rawlinsoret al. 2009) However, a
correlation between NS5 regulated protion of IL8 and DENV pathogenesis has

not been proved and the exact role of NS5 in the nucleus has not been elucidated.
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1.3 DENGUE AND DHF: CLINICAL
MANIFESTATIONS AND RISK FACTORS

1.3.1 Dengueclinical manifestations

DENV infection can either be asymptomatic aduce undifferentiated fever,
dengue fever (DF), or dengue haemorrhagic fever (Dif#viewed inHenchal
and Putnak 1990Undifferentiated feveusually follovs primary infection and it
is indistinguishable from other common viral infectiod¥ may occur during
primary or secondary infections: symptoms are sudden high fever, headache,
arthralgia, nyalgia, anorexia, abdominal pain and sometimes macular papular
rash. Recovery is usually uneventful but may be prolonged in addH$.
normally follows secondary DENV infections. DHF in infants may occur also in
primary infections, and prexistent materal nonneutralising antibodies have
been suggested to be in part respondinl¢his (seesection1.3.2.3. DHF begins
with a febrile phasehaemorrhagigphenomena, and generalised constitutional
symptoms. This first phase caither be followed by full recovery, or progress
towards a second more severe phase, characterized by plasma leakage,
tachycardia, hypotension and sometimes pleural effusions and ascites. Bleeding
may occur from any site and especially from the gastrstim tract. Platelet
count is <100-1Yl and a generalised leukopenia as well as abnormal coagulation
profiles can be observed. Depending on its severity, DHF can be further divided
into four grades, the last and most severe is characterised by prafbaoki
(Dengue Shock Syndrome, DSSurviving patients undergo an uneventful and

short period of convalescenfldenchal and Putnak 1990)
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1.3.2 Risk factors for DHF

The reasonsfor different disease outcomes following viral infection are not
completely known and more work is required to understand the precise patho
physiology of dengue disease. In 2000 Vaughn and coksa®@aughnet al.
2000)showed that DENV peak titre is between 100 and fo@Dhigher in DHF
than in DF patients: this suggests a stroogelation between viral replication
and disease severity. This observation has been further confirmed by subsequent
studies(Libraty et al. 2002; Guilardeet al. 2008) Success of viral replication
early in infection @pends upon both viral and host factors. Furthermore, several
studies have proved the existence of a strong epidemiological correlation between
DHF and secondary infectiorfsee below)suggesting that prexisting immunity

can act as risk factor for DHF.

1.3.2.1 Viral factors

Whether some serotypes are more pathogenic than others remains an open
guestion, but a correlation has been observed between some DENV serotypes and
disease severity or increased fitness in the context of host imn(iyiy and
Harris 2008) In secondary infectiond)HF is most commonly assiated with
DENV-2, followed by DENV1 and DENWV3 (Sangkawibhaet al. 1984;
Balmasedaet al.2006) DENV-4 seems to be the least clinically severe, even if it
can on occasions induce DHifr secondary infectiofiNisalaket al. 2003) Also
the particular sequence of infecting DENV sgpas can influence the severity of
the diseaseDENV-2 and DENV4 have been associated with increased disease
severity in secondary infections, while DENVand DENV3 with more severe

disease in primary infection$arris et al. 2000; Vaughret al. 2000; Nisalaket
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al. 2003; Balmasedat al.2006)

Southeast Asia seems to be a source of viral diversity, generating a multitude of
strains which are often more virulent and successful than the existing ones, and
displacing more benign genotyp@&anottoet al. 1996) Much evidence suggests
that DENV-2 strains generated in Southeast Asia are associated with DHF, while
strains generated in America are (Rico-Hesseet al. 1997; Diazet al.2006) In
particular it has been reported that the Thai DENV strains of the Asian genotype
replicate to higher titres in human monocgtrived macrophages and dendritic
cells, suggesting that the success of the SoutAsestDENV-2 stains is due t@a
more efficient replication in human cells, and a more efficient transmission by

vector mosquitoe@ryoret al.2001; Cologna and Riebdesse 2003)

Higher virulence has been shown also for DEBIgenotype Ill, which has been
associated with an increase in DHF: the decisive factor was identified as a clade
replacement event, sugsting that increased viral diversity is leading to the
emergence of virus clades associated with OMIEsseret al. 2003; Kyle and
Harris 2008) Following the analysis of 11 DENY of the American and
Southeast Asiagenotype Leitmeyer and colleagues suggtsdt theamino acid
390 of the E protein and specific sequences within the 3° NTR and the 5° NTR
might be determinants of DHELeitmeyer et al. 1999) however genetically
distinct viruses have not been consistently associated with severe or mild dengue,

highlighting once again the complexity of dengue disease

1.3.2.2 Human factors
DHF has been correlated &ge and ethnicityChildren under 15 yesrold are

more at risk of developing DHF, probably because of increased capillary fragility
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and decreased tolerance faicro vasculadamaggGambleet al. 2000) Certain
populations and ethnic groups also show increased tendency to develop DHF:
Africans and people of African descent for instance have been suggested to have
some genetic polymorphisms that confer partial protection against the mast seve
forms of denguéCoffey et al. 2009) One hypothesis suggests that the nature and
magnitude of the immune response generated by -ele8s | presentation of
DENV antigens could also contribute iommunopathogenesiéStephenset al.

2002; Simmonset al. 2005; Mongkolsapayat al. 2006; Sierraet al. 2007)
Selected HLA alleles have only been significantly associated with DF or DHF
caused by certain DENV serotypéStephenset al. 2002) however, no single

allele has been associated with dengue disease and some ethnic groups show no
consistent HLA association pathw&goffey et al. 2009) Associations betaen

HLA alleles, DENV genotypes and DENV disease are complex and require

further investigation.

1.3.2.3 Pre-existing immunity and ADE

In secondary infections, the presence of-nentralising preexisting immunity
against different DENV serotypes is also recoghias one of the main factors
contributing toward the development of DHF. In response to primary infection,
protective immunity to the infecting serotypes is believed to last a lifetime
(Halstead and O'Rourke 1977; Guzneral. 2007) Differently, complete cross
protective immunity against secondary infection is present for onh2 Imonths
after the primary infectior(Sierraet al. 2002) After 9 months, heterologous
DENV infections represent a risk factor for the development of PSWBIN

1950) This has been attributetd an immunological phenomendknown as
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antibody-dependantenhancement (ADE (Halsteadet al. 1970) During second
infections with a dferent DENV serotype, antibodigsnding to nonneutralising

viral epitopes or circulating at nereutralising concentrations fail to clear the
virus and in fact enhance DENV infections. DEMXtibody complexes bind to
the Fcreceptors (FcRon cell surfaceand are efficiently internalised, providing

an alternative entry route to the cell and contributing to higher viral(ldal$tead

and O'Rourke 1977; Halstead al. 1977b) The ADE model provides an elegant
explanation for increased viral burdéollowing secondary infections and it also
suggests thatirculation ofmaternal antibodies might be responsible for the high
frequency of cases of DHF in infant&DE, extensively describenh vitro, has
been reproduced in IFKeceptordeficent mouse modeléWilliams et al. 2009)

and suggests that the risk of ADE must be taken into account in the design of
vaccinesagainst DENV. However, no evidence of ADE has so far been reported
in DENV infected patients and more studies are requoedarify the importance

of this phenomenon in DHF pathogenesis.

1.3.3 Pathogenesis oDHF

In spite of the strong correlation between virus titre and disease severity, it has
been observed that the most severe symptoms of DHF do not coincide with viral
peak,but in fact develop as viraemia is controligthlstead 1980ajfurthermore,
studies on the molecular mechanism of plasieakage in DHF have shown that
increased vascular permeability is not induced by the direstly, but can in part

be explained by a dysregulated adaptive immune response.

Vascular endothelial cells, lining the inner lumen of blood vessels, conshtute
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primary bloodtissue barrier controlling flux of nutrients, microcirculatory
dynamics, and permeability of micromolecules. FalFIFN-g, IL6, IL8, and
several other proinflammatory cytokines control endothelial permeability and
diapedesis of neutrophils, extravasation of erythrocytes, and infiltration of
perivascular mononuclear celiSkin biopsies from patients with DHF show ttha
blood vessels are not damaged by DENV infection and the endothelial junctions
are also intact; in fact, DHF patients display a compigiokine secretion
profile, which has been associated with increased capillary permeability and
plasma leak(reviewed in Chaturvedet al. 2005; Finket al. 2006; Basu and

Chaturvedi 2008)

In response to DENV infection, both T cells and macrophages are activated and
they have been shown tontribute to high release of proinflammatory cytokines
(Kuraneet al. 1989; Greeret al. 1999) however whether they only help virus
clearance or they are involved in dengue pathogenesis ia stibject of debate.

In secondary infections, the reactivation of4esesting memory cells specific

against a different DENV serotype has also been suggested to contribute towards
dengue pat hogenesi s, pohiginal oamtiggemnio rsin0 d e s C |
(Mongkolsapayaet al. 2003) Original antigenic sin occurs when memory T cells

are highly specific for antigens encountered during the primary infection, but have
low binding affinity to new antigens from heterologous serotypes. These cells
proliferate quicker than nmeé highaffinity clones, and their faster -gtivation

not only does not undermine virus replication, but may instead contribute to
immunopathogenesis through cytokine release and tissue dd®ageonet al.

1999; Mongkolsapayat al.2003)
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Further studies are required to assdésrole of thecomplement system in
dengue disease. Avirutnan and colleag) have observed accelerated complement
consumption during shock in patients with DEvirutnanet al.2006; Avirutnan
et al. 2008) Further investigation has shown a correlation between the amount of
membraneassociated or soluble NS1, the concentration in the blood of final
products of complement activation as S&Bband increased vascular
permeability. The authors suggest that expression of NS1 on infected cells may
result in binding of bterotypic, nomeutralising antibodies and complement
attack. Moreover, when associated to the cell membrane, -SCG%im trigger
cellular reaction leading to prodction of cytokines involved irendothelial

permeability(Avirutnanet al. 2006)

Anti-DENV NS1 antibodies have also been suggest@edcontribute to dengue
pathogenesis bgrossreacing with cell surface antigens on endothelial celisl
plateles. This phenomenon is also known as antigenic mimidmpn and
colleagues showed that binding of aN%1 antibodies to endothelial cells is
responsible for N/kB signalling activation and increased levels of cytokines and
chemokines; furthermore, afiS1 stimulation has been correlated to increased
expression ofadhesion molecuteon endothelial cells, and therefore increased
lymphocyte adheen (Lin et al. 2005) According to Wang and colleagues, iant
NS1 antibodiesvould alsobe responsible for the drop of platelet count observed
in DF and especially in DHF patienfg/anget al. 1995) Chen and colleagues
suggest that antiS1antibodiesecognise protein disulfide isomerase on platelets
thereby inhibiting platelet aggregatig@henet al. 2009) However, the precise
mechanism is unclear and the importance of-Bftl antibodies in determining

dengue disease outcome has not been established.
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1.4 PROGRESSAND SETBACKS IN VACCINE AND
ANTIVIRAL DRUG DEVELOPMENT

More than sixty years after the isolation of DENV, no effective vaccine is
commercially available. Theoretically, DENV infect®ndisplay some
characterististhat make the development of a vacqumentially achievable: the
virus causes only acute infection with a short period of viraemia, and individuals
who have recovered from DENV infection are immune to second challenges with
the same serotype. Several immunogenic epitopes have been ideoriflsath
structural and nostructural proteins and antigen delivery does not present major
obstacles. However, DHF pathogenesis is not completely clear and every effort to
design a vaccine has been further compromised by the lack of adequate animal
models The main challenge in the design of a vaccine against DENV is to
separate enhancing and neutralising immunity, since the immune response to
DENYV infection, while potecting from dengue diseasd¢so appears to be a major
risk factor towards DHF (see al®v To prevent antibody enhancement
phenomena and +a&ctivation of a potentially harmful heterotypic memory
response, an effective vaccine should provide protection against all four DENV
serotypes simultaneously, and induce a robust andl&stigg immunaesponse.
Economic cosbenefit issues must be taken into consideration, and repeated
dosing should be kept to a minimum. In recent years the number of different
approaches to develop a vaccine against DENV has been unprecedented, with
several candidatesurrently in clinical trial(Chaturvediet al.2005; WilderSmith

and Deen 2008)
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1.4.1 Live vaccines

1.4.1.1 Live-attenuatedvaccines

Live-attenuated vaccinesme promising because of lavests of production and
because they induce a powerful and long lasting B andllTimmune response,
even though the possibility of reversion and spread of vaccine strains must be
carefully taken into consideration. Two lragtenuated vaccines are currently in
clinical trial. The Mahidol University in Bangkok together with the SedRasteur
developed candidate liv@tenuated vaccines by attenuating the four DENV
serotypes through serial passages in primary dog kidney cells (serotypes 1, 2 and
4), or primary African green monkey kidney cells (serotype 3), and the four
monovalent cadidates were finally combined in a single tetravalent formulation.
After a single dose vaccination, seroconversion was observed in all volunteers.
The main limit was the high reactogenicity of this formulation, variable among
the four serotypes and padilarly high for serotype BKitcheneret al. 2006) A
different live-attenuated vaccinevas formulatedby The Walter Reed Army
Institute of Research together with GlaxoSmithKline, by passaging all four DENV
serotyps in primary dog kidney cells. After vaccinationith the tetravalent
formulation, high seroconversion and moderate reactogenicity were olserve

(Sunet al.2003)

The USNational Institute of Allergy and Infectious Dases have used reverse
genetic techniques to introduce defined attenuating deletions. Tetravalent
formulations incorporatea D30 deletion inthe 3° UTR in wildtype DENVs
(Blaney, Jr.et al.2006) Phase | trials showed low level viraemia and acceptable

immunogenicityfor a live attenuated DENM vaccine candidat@urbin et al.
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2005) The same institute is also working on chimaeric viruses expressing the
prM-E region of DENV1, DENV-2 or DENV-3 into DENV-4D30. If needed, the
level of attenuation of each vaccine can be further increasgbducing

additional well established attenuating mutati@Bisiney, Jret al. 2006)

1.4.1.2 Chimaeric vaccines

Successful experience with the chimaeric /W vaccine raised optimism
that such a formulation could have been used for DENV as @GkiineriVaxe
from SanofiPasteur, currently in phasél of clinical trial, uses YFV 17D
backbone and replacesthe structural protein geseprM and E with the
homologous proteinBom DENVs. RNA transcripts are electroporated intero
cells and progeny viruses are purified to produce the vaccine. Preclinical studies
on monovaént formulations and on a tetravalent mixture of monovalent chimaeric
virusesshow that the ChimeriVadx is replication competent, genetically stable
and notvirulent upon 20 passages Vero cells (Guirakhooet al. 2002) The
vaccine was shown to be attenuated, efficacious, safe and unlikely to be
transmitted by arthropod vecto(81cGee et al. 2008) However, antDENV
immune responses are limited to prM and E, while respoostte NS proteins
are pobably an important component ftife-long immunity (Rothmanet al.

1993)

Chimaeric vaccines are much attenuated formulations and provide strong and
long-lasting immunity. However, recent evidence has shown vacelaged
reactions in response to YF vaccine in some individuals who develop acute
viscerotropic diseaséMonath 2007) in these same individuals high viraemia

(OL0° pfu/ml) has been documented, suggesting higher risk of recombination
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eventsin case of dual infection witlwvild type flaviviruses (Seligman and Gould

2004; Seligman and Gould 2008)

1.4.2 Inactivated vaccines

After inactvation with formalin, DENV-2 retains its immunogenicity in mice
and rhesus monkeys, inducing high titres of neutralising antib¢eigsaket al.
1996) The main advantage of inactivated vaccines is thpossibility of
reversion, but multipleloses are requireahdcostsremain the main limit of such

formulation.

1.4.3 Recombinant subunitvaccines

Many B and T cell epitopes have been mapped on DENV structural ard non
structural proteins and these epitopes can be expressed in protein subunit
vaccines. The extracellular portiod the E protein of each DENV serotype
expressed irDrosophila cells have been used assubunit vaccine by Hawaii
Biotech Inc, showing high immunogenicity in mice and monkeys when
administered with appropriate adjuvaf@ementset al. 2010) Further attempts
have been made by fusitige first 395amino acidof the DEN\ 2 E proteinwith
the HBV (Hepatitis B Virus) surface antigasa potent adjuvaniThis hybrid was
shown to elicit immune response against both components of the hybrid pmotein
vivo (Bisht et al. 2002) Scalingup remains the major problem for recombinant
vaccines, and peerful adjuvants are needed. Attempts have also been byade
injecting purified recombinant DENX NS1 protein in mice, but antibody

production is not protectiv=eighnyet al. 1992)
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1.4.4 Antiviral treatments

At present, no antiviral treatment is available againsNBEnfection. The
treatment is onlyo alleviate symptomand rehydration in case of hypotension is
the main aid to survival. Corticosteroids or drugs decreasing capillary
permeability do not reduce mortality in children with DHF/D@®8yssenet al.

2000)

Rational design of drugs aims at targeting viral mechanisms critical for DENV
survival, limiting propagation of the infection. Preventing capping, for instance,
has been shown to destabilise viral progeand alsocompounds able to inhibit
the viral methyitransferase have been studied. Pharmaceutical groups are mainly
working on the RNAdependent RNA polymerase and the viral protease/helicase,
but no drug is currently available and not all mechanismslved in DENV

replication and pathogenesis are knqwaviewed in Leysseat al.2000)

Deeper knowledge of viral infection and of the immune system response might
be thekey to identify more specific and effective ways to stop DENV. In
particular, as outlined above, high viral replication at early stages of infection is
known to beadeterminant of dengue outcorfMaughnet al. 2000} it is therefore
logical to think that the rational development of attenuated vaccines or antiviral
drugs could be greatly helped by better understanding viral and host factors

involved at this critical stage of infection.
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1.5 DENV INHIBITION OF INNATE IMMUNIT Y

As outlined in the previous chapters, the most severe forms of dengue disease
are associated with high viral titres. Both host genetic determinants and virus
characteristicgontribute to viral replication, but rapid replication during the short
viraemic period of acute infédon can be achieved onlyirinate immunity, which
represents the first line of host defence against pathogens, is delayed or inhibited.
The nore efficent the evasion ohnate immunity, the higher will be the viral

titre, and the more severe the disease outcome.

Emerging data show that DENV, like many otlilviviruses has developed
several mechanisms to inhibithe innate immune system, in orddo
systematically suppregshe main components of the early immune response and
quickly reach high viral titres. Innate immunity seems to have exerted stronger
selective pressure than adaptive immunity, since adaptive immunity clears the
virus at later stagesf infection, when the viral titre has peaked already, and it has

probably already been transmitted from human to mosquito.

DENV efficiently inhibits cellular response to type | IFN, and recent work has
shown that it also prevents the activation of Nailtufiller (NK) cells. Better
understandingf these mechanisms is the main focus for this thesis, and they will

be discussed in detail below.

1.5.1 DENV and NK cells

NK cells are an important componenttb& innate immunity, but their role in

controling flavivirus infections is not clearly defined. NK recognition of target
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cells does not require receptor rearrangat or clonal expansion, so NK cells
respond rapidly to infectiofLodoen and Lanier 2005Resting mature NK cells
constitutively express trangpts for inflammatory cytokinesand contain pre
formed cytolytic mediators like granzys and perforines stored in intracellular
granules(Lanier 2008) NK cell activation culminates in thexocytosis of such
granules,lysis of infectedtargetcells and release of cytokines, primarily IFN
g(Lodoen and Lanier 2005NK cells display both activating and inhibitory
receptorsand activation of NK cells depends on thegration of these opposite
signals. Activating receptors mainly recognise glycoproteins induced by cellular
stress or pathogeencoded ligandsinhibitory receptors recognise MHC class |
molecules MHC class | areexpressed on the surfaof all nucleatd cells, and
this prevents NK cytolytic dlarier 2008) y on
Due to therapid and powerful responsaf NK cells the role of inhibitory

receptors igrucial.

Following DENV infection in mice, NKcell adivity is transiently increased
(Shrestaet al. 2004a) and early activation of NK cells in humans has been
associated with mild clinical disease, suggesting that high NK cell activation may
be associated with a more favourable progn@sieredoet al. 2006) According
to Azeredo andolleagues, the majority of NK celfsom DENV infected patients
display early markers of activation during the acute stage of the disease, and
intracellular cytotoxic graras are also upegulated early. A recent study has
shown that DENV E protein binds the NKp44 activating receptor on NK, cells
inducing activaion (Hershkovitz et al. 2009) Therefore, evasion of NK
recognition might be critical to the establishment of a successful viral infection. A

number of studies have shown that flavivirusesegulate expression of MHC
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class | molecules on theell surface in an IFNhdependent manndreviewed in
Lobigs et al. 2003) Uncleaved €prM structural protein has been implicated,
suggesting that MHE& up-regulation may be an incidental consequence of virus
assembly rather than a proper evasion strafegiigs et al. 2004) Differently,
Hershkovitzet al (Hershkovitzet al. 2008) have shown that expression of DENV
NS proteins only, in the context of DENV replicon, is sufficient to enhance
membrane expression of MHCand therefore reduce susceptibility to NK lysis.
These studies suggest that a complex balance exists between-iD&i¥d
triggering of NK cell activation and subversion of Mikediated killing by

enhanced MH@ expression on infected cellslershkovitzet al.2008)

While preventing activation of NK cells, upegulation of MHC class |
molecules orthecell surface also increases cell susceptibility to cytotoxic T cells.
This could provide potential disadvantages to the vitug, while adaptive
immunity represents a relatively late event in infection, NK activation would
jeopardise earlptages olviral replication. As suggested above, it is likely that
DENV evolution may have been affected by selective pressure of innate rathe
than adaptive immunity, and therefore that neutralisation of early NK cells rather

than T cells might have been the priofi§ershkovitzet al.2008)

1.5.2 DENV and type | IFN

The IFN system provides the earliest and most potent line of defence against
many pathogens. The IFN response induces apoptosis and growth inhibition of
infected cells, and regulates thenmane respons&.he IFN family is composed of

two main classes of related cytokinégpe | IFN (ncluding IFN-a and IFN-b )
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which mounts a robust response against viruses, and type Il IFNg(laKich
also exhibits antiviral activity but is mainly regaddeas a powerful
immunomodulatory cytokingBonjardim et al. 2009) A third less weHknown
class, type lll IFN, regulates the antiviral respoasé cell proliferationand it
has been proposed to be the ancesinéiviral system olertebrategSadler and

Williams 2008; Bonjardinet al.2009)

Experiments with knoclout mice lacking IFNa / dr IFN-g receptors or both
show thata functional response to IF& / Is critical in controlling the early viral
load in the first stages of DENV infection; in contraste IFN-g response
provides partial resistance against DEMMuced disease andmiits viral
spreading in the periphery, but it is less important in controlling viral load
(Shresteet al. 2004b) Several studies have now shown that DENV is capable of
inhibiting type | IFN response. This thesis further investigates the molecular
mechanisms of such inhibition. Therefore the type | IFN system is the mais foc

of the followingsectiors.

1.5.2.1 The type IIFN system

1.5.2.1.Viral induction of type I IFN

Recognition of different viral components by specific host receptors, called
Pattern Recognition Receptors (PRRictivates multiple distinct routes that
trigger induction ofthe type | IFN. The importance of each route depends upon
the sgcific virus, the infected celind the stage of infection. IFN production can
be induced by different viral components, from viral genome (RNA or DNA) or
replication intermedi@s (dsRNA), to viral proteins, or simply following viral

entry (Bonjardimet al. 2009) In response t®RR signalling, cytoplasmic IR
65



(IFN Regulatory FacteB) is phosphorylated, dimerises and exposes a nuclear
localisation signal (NLS) which allosiits translocation to the nucleus. The-NF

kB (Nuclear FactokB) inhibitor IkB, which holds NFkB in the cytoplasm, is

also phosphorylated and this induces dissociation from its substrate and
subsequent ubiquitation and proteasormeediated degradation. The NLS on
NF-kB also becomes accessible and-RB-translocates to the nucleus. IRF
NF-kB, and a third component, thejun/ATF-2 heterodimerassemble on the
IFN-b promoter and aid the recruitment of CRBBiding protein (CB}Fp300

which in turn promotes the assembly of the transcription machinery. The
assembly of the transcription machinery on the -B-Noromoter induces
transcription of IFNb. Positive feedback models have been progasevhich the

IFN-b produced feeds back onto cells and induces the synthesis of at least three
othertranscription factors, IRE, IRF7 and IRF9, which in turn, in the presence

of a continued infection, enhanikMd- t he
bgene3 and allow the transcri ptageme$ of

(reviewed in Randall and Goodbourn 2008)

1.5.2.1.2ype | IFN signalling

In spite of differences in induction, IFHd and IFNb are the main components
of the type | IFN subamily and they signal through the same pathw&igure
1.4) (reviewed in Starlet al. 1998; Randall and Goodbourn 2008)teraction of
IFN-a / fnolecules with two different receptor subuni&NAR1 and IFNAR2c,

forces the two subunits together and induces their dimerisation.
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Figure 14|

Type | and type Il IFN signalling cascade.After activation &
receptor level, phosphorylation of STAT transcription factors inc
their dimerisation and translocation into the nucleus, where
activate transcription of specific IFgulated genes.
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The two recepteassociated kinases JAK(assoated with IFNAR2c) and
Tyk2 (associated with IFNAR1) are now close enough to phosphorylate and
activate each othefGauzzi et al. 1996) Once activated, JAK1 and Tyk2
phosphorylate some critical residues on IFNABTAT?2 binds IFNAR2c also
before IFN induction and it is weakly associated with STAT1, but only IFNAR1
phosphorylatiorcreates a docking site for STATh IFNARL STAT2-IFNAR1
asseiation brings STAT2 close enoughTgk2 to allow STAT2 phosphorylation
on tyrosine 690 Finally, phosphorylated STAT2 provides the docking site that
orients STAT1 for phosphorylatioon tyrosine 701(Li et al. 1997) Once
phosphorylated, the two STATs heterodimerise and dissociate from the receptor.
This creates a novel NLS and, simultaneously, inactivates the constitutive NES of
STAT2. The heterodimer and the associated transcription facto®OIRIFM the
transcription complexSGR3 and traslocate into the nucleusy interaction with
the nuclear importin systeifiReich and Liu 2006)A recent study suggests that
the assembly between the STAT heterodimer and9R$§ coordinated at the

receptor, followingacetyation of IFNAR2after IFN binding(Tanget al.2007)

Once in the nucleushe transcription compleSGR3 binds to specific DNA
sequences called ISRnterferonStimulated Regulatory Elements) and induces
the expression of more than 300 genes that specify the antiviral state. Amongst
those genes some encode enzymes that direcbk bliral replication, such as
protein kinase R (PKRwhich prevents recycling of the eukaryotic translational
initiation factor 2 (elF2a), halting traslation initiation; or the 2 50ligo-
adenylate symietase(OAS), which bind to activatehe RNAse L and degrade
cellular and viral RNA; or the MXGTPasesthat recognise wis nucleocapsid

structures and restrict their localisation within the cell, preventing viral
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replication. No single gene is pivotal and for any virus a subset of genes is
probably required to establish an antiviral state and prevent viral replication

(reviewed inRandall and Goodbourn 2008; Sadler and Williams 2008)

Besides its potent antiviral effect at early stages of infection, type | IFN is also
known as an important immunological modulator. Type | IFN bridges innate and
adaptive immunity by enhancing cloratpansion of CD8+ T cellfToughet al.
1996)and B cell§Le Bonet al.2006) by activating NK cell§Biron and Brossay
2001) and by regulating differentiation and maturation of DC c@lisft et al.

1998)

Even thought the importance of the type | IFN response in preventing viral
spreading is well established, recent works are showing that rapid and efficient
control of the IFN signalling is as critical as its activation. Prolonged activation of
IFN-a can exert deleterious effects on the host immune system through several
mechanisms, including elevated serum levels of-ipilammatory cytokines
(Staceyet al. 2009) apoptosis of uninfected cells, and generalised immune
activation due to defects in the T cell selection and thymopdiBssingeret al.

2009) Recent work has shown that Sivfected sooty mangabeys, a monkey
species that is a natural SIV host, do not develop pathogenesisrebily,
infected rhesus macaques, in spite of similar levels of viral replication and early
immune response activation, develop pathogenic infe¢Bosingeret al. 2009)

The difference can be explained by the presence in sooty mangabeys of lower
levels of immune activation during the chronic phase of infection, and bgeddu
production of IFNa (Bosingeret al. 2009; Jacquelirt al. 2009) Also, by using

lymphocytedeficient hosts, Kim and colleaguélsim et al. 2007) also suggest

69



that in the absence of T cells the innate immune response can be a direct cause of
death due to uncontrolled release of proinflammatory cytokines. This suggests
that, while the type | IFN response critical to activate T cells, the presence of
active mechanisms of immune regulation exerted by T cells is also crucial to

temper the initial innate respon@ém et al.2007)

1.5.2.1.%iral evasion of type | IFN

Millions of years of ceevolution between hostind pathogens have resulted in
the acquisition by most viruses of af@nisms to evade the host immune system.
Different viruses inhibit different steps of the IFN pathway, eithemigrfering
with hostcell gene expression and/protein synthesis, or by inhibiting IFN
production, signallingor IFN-regulated antiviral athways(Levy and Garcia
Sastre 2001) To circumvent the antiviral response, viruses often use a
combination ofthese strategiesuch as inhibition of both IFN production and

signalling(Randall and Goodbourn 2008)

Inhibition of IFN production allows viruses to spread to -nufiected cells
before full establishment of an antiviral state. Viruses can minimise production of
IFN by using replication strategies that limit generation of pathagsociated
molecular patterns (PAMP recognised by PRRs, by inhibiting PRRs, or by
interference with specific critical points ithe IFN-induction cascadéRandall

andGoodbourn 2008)

Since IFN carstill be produced by uninfected cells, inhibition of IFN signalling
can be even more efficient than inhibition of IFN producti®everal viruses have
developed different strategies to block IFN signalliagg there are exaples of

viral proteins blocking each step of the IFN signalling cascaslexemplified in
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Table 1.1

Virus Target
HCMV JAK1/IRF-9 reduction (Miller 1998) (Milleet al. 1999)
STAT1/STAT2 sequester (Paulasal.2006)
HSV-1 JAK1/STAT2 reduction (Che and Roizman 2004)
SOCS3 upregulation (Yokotat al.2004)
PIV-2 STAT2 degradation (Andrejewet al.2002)

Nipah virus, STAT1/STAT2 sequester (Rodriguetal.2003;

RSV STAT2 degradation (Elliotet al. 2007)
Adenovirus STAT1/IRF1 reduction (Loolet al. 1998)
CBP/p300 sequester (Loek al. 1998)
Ebola virus Inhibition of STAT import (Reicet al.2007)

Table 11|
Mechanisns of inhibition of type | IFN signalling by different
viruses.

1.5.2.1.4Flavivirus inhibition of type | IFN

Most (or possibly all) flaviviruses have evolved mechanisms to inhibit IFN
mediated signal transducti¢gBestet al. 2005) but the exact mechanismemain
elusive. Besides differences between flaviviruses, the picture is further
complicated by the employment of different cell lines and expression systems by
different investigators. The literature abounds in contradictory reports and very
few observations have been reproduced and validstedt Nile virus (WNV)
has beerreported toinhibit the phophorylation of STAT1, STAT2, Tyk and
JAK1Z; four nonstructuralproteins (NS2A, NS3, NS4A and NS4B) have been
implicated(Guo et al. 2005) but no mechanism has been descrilitferently,
LaurentRolle and ctieagues, have recently identifiddiS5 of the virulent strain

WNV NY99 as apotentantagonist of typé IFN signalling (LaurentRolle et al.
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2010) Japaneseencephalitis virus (JEV) blocks TyR phosphorylation and this
has been attrited to the nosstructural protein NS%Lin et al. 2004; Linet al.
2006) Langat virus (LGTV) NS5 has also been shown to be involved in IFN
inhibition and specific regions have been mapped. Bedt colleaguesuggest
that the IFN inhibition by LGTVmay be the consequence of a direct interaction
between LGTV NS5 and the IFN receptbut the mechanism remains unclear
(Bestet al. 2005; Parket al. 2007) The methyltransferase domaintak borne
encephalitis virus (TBEV) NS5 has also been reported to be critical to IFN
inhibition: Werme and colleagues suggest thatllibws NS5 Ie@alisation atcell
membranewhere the block of the IFNignalling seems to take pla¢@ermeet

al. 2008)

All these studies suggest that IFN inhibition occurs at early stages of the
signalling cascade, and that different viruses within the same genus may have
developed different mechanisnto antagonisethe IFN response. However,
several questions remain usarered and more studies are required for a clear

understanding of flavivirus mechanisms of evasion.

1.5.2.2 DENV inhibition of typel IFN

Inhibition of type | IFN response in infected cells by DENV has been observed
in several circumstances. However, not onlyhis mechanism unclear, but also
conflicting and dubious observations have been reported. Different studies
disagree both on the steps of the signalling cascade antagonised by DENV
(STAT1 (MunozJordanet al. 2003), STATZ2 (Joneset al. 2005), Tyk2 (Ho et al.

2005) and on theviral proteins involved NSAA, NSAB, NS2A (MunozJordanet

al. 2003; MunozJordanet al. 2005), and only few observations have been
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reproduced by different investigators. Even though it is possible that BHiEve
developed more than one strategy to evadéRNeresponse at different stages of
the signalling cascade, the lack of reproducibility and consistency suggests that

such diversity in the literature is more likely to be due to experimental variability.

The pathogenicity of DENV despite high concernnag of circulating IFN in
patients was reported many years g#oirane et al. 1993) suggesting some
malfunction in the IFN system. The first study askling the possibility that
DENV might escape cellular responses to IFN was published by Diamond and
Harris in 2001 (Diamond and Harris 2001)'he work mainly investigated how
IFN prevents DENWV2 replication, but the authors observed that such inmpito
effect occurred only when IFN treatment preceded viral infection; differently,
when cells were treated only a few hours after infection, a significant percentage
of the IFN antiviral effect was lost. Even though the existence of an active
mechanism of nhibition was considered, Diamond armthrris proposed an
alternative hypothesis. According to this model, as soon as a short polypeptide is
synthesisedrom DENV RNA, membranenchor signals in the C protein recruit
the ribosomeRNA complexes to the ER: dells are treated with IFN before the
infection, some unidentified IFMduced molecules prevent RNA translation
before the translocation to the EBgnversely, if IFN treatment follows infection,
the complexes, protected by the ER, become inaccessiliee téFN-induced
molecules (Diamond and Harris 2001)This hypothesis could explain the
inefficacy of late IFN administratignbut has never been demonstrated
experimentally instead, there is growing evidence that DENV actively
antagonises the IFN nesnse. In 2003, Mufiezordan and colleagues showed that

the IFN response was inhibited in DENV infected cells and by measuring the
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replication of the IFNsensitive virus NDVNewcastle Disease Viru§FP after

IFN-b treatment in different cell lines expressing individual protein/s of DENV

the group suggested that DENV NS2A, NS4A and NS4B are all IFN antagonists
(MunozJordanet al. 2003) NS4B in particular demonstted the strongest
inhibitory properties, but the effect was further magnified by thexgession of
NS2A and NS4A. In this work, inhibition of STAT1 phosphorylation in response
to both IFNb and IFNg was reported in cells expressing NS4B and the asithor
suggested that DENV NS4B inhibits IFN signalling by preventing STATL1
activation.In 2005, the same group reported the importance of therrinal
sequence of NS4B and of the proteolytic cleavage between NS4A and NS4B for
IFN inhibition (MunozJordanet al. 2005) Moreover, the authors suggested that
the same inhibitory function of NS4B is conserved in WNV and YMnoz
Jordanet al. 2005) This is the only preceding work investigating the role of
specific DENV proteins in IFN antagonism, and it is widely cited in the literature.
However, the phenotype described in these studies has been contradicted by
others, potentially questioning thealidity of the observations:ven though
inhibition of STAT1 phosphorylation has been observed by otfidoset al.

2005; Joneset al. 2005) inhibition of type Il IFN has never been reproduced,
suggesting that inhibition of STAT1 phosphorylationn®re likely to be the

consequence of upstream blocks rather than direct effect of DENV antagonism.

DENV-2 inhibition of IFN signalling was investigated in primary monoeyte
derived DC by Ho and colleagu@do et al. 2005) This study does not address
the role of individual DENV proteins in IFldntagonismbut investigates which
step of the signalling cascade pathway is targeted by DENV. According to this

work, up to 24 hours postfection, the basal levels of all proteins involved in
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type | IFN signalling are unaltered and DEMNWis reported toblock the

phosphorylation of Tyk2.

Jones and colleagues used both DEANNMfected and replicon containing cells:
since the replicon expresses only NS proteins, the role of structural components or
viral entry in the phenomena observed can be excludeel. nibst interesting
observation in this study is that in both DENV infected and replicon containing
cells, cellular levels of STAT2 are greatly reduced; this suggests that STAT2
reduction could be the mechanism by which DENV inhiltits IFN response
(Joneset al. 2005) Even thoughin Ho's workno STAT2 reduction could be
observed, later studies by Umareddy and colleagtegzroduced Jones
observatioUmareddyet al.2008) It is possible that reduced STAT2 expression
was not obser ved theanalydisvwaperfarmed dt y relatieetya u s e

early timepoint (24 hours).

In spite of several inconsistencies, taken together these studies have made some
steps forward toward the understanding of DENV inhibition of type | IFN. These
studies show that DENV actively inhibitFN signalling and the inhibitory effect
is probably specific for type | IFNThe focus of the work in this thesis was to
elucidate the precise mechanism of inhibition of type | IFN signal
transduction by DENV-2 and to identify the nonstructural protein/s that
mediate's this effect. A precise link between IFN antagonism and dengue
pathogenesis has not been provadt, a relationship between IFN response, virus
replication and viral pathogenesis has been shown for WK\particular WNV

virulence has beelinked to control of JAKSTAT signalling pathway and to
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overall resistance to IFN respongkeller et al. 2006; Tobleret al. 2008)
Therefore as outlined above, evasion thfe innate immunity seems critical to
high viral replication and therefore severe disease. Better understanding of how
DENV evades the IFN response would therefore representcal advance in

understanding dengue pathogenesis.
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Chapter 2.

MATERIALS AND
METHODS

77



2.1 MOLECULAR CLONING

2.1.1 High-Fidelity PolymeraseChain Reaction (PCR

Amplification of long templates for successive cloning requires haguracy
and speed. PhusianHigh-Fidelity DNA Polymerase (Finnzymes, New England
BioLabs) incorporates a processivéphancing domain to #&yrococcudike
enzyme, which possesses a-35" DNA polymerase activity and a -3°
exonucl ease ( fiviyr suah fr coenbirdhtiom ajlawy anarcot rate of
4.4407 in HF Buffer (50fold lower than Thermus aquaticus DNA polymerase,
and 6fold lower than Pyrococcus furiosus DNA polymerase), and it is suitable for

amplification of long amplicons such as 7.5 kb.

In this work we employed Higkidelity PCR whenever high accuracy in
template amplification was requireicg. any time we amplified an insert from the

replicon or other plasmid for subsequent cloning into the lentiviral vector.

2.1.1.1 Primer design
When possild, depending on the specific sequence to amplify, primers were
designed in order not to be complenapto each other and with roughly similar

annealing temperatures.

To aid with the primer design, primer sequences were checked on tHseih

program Pimer3, available abttp://frodo.wi.mit.edu/primer3

Primers used for cloning are listed Tiable 2.1 PrimersLentivector Forward

(F) andLentivector Revers@R) were exclusively used for sequencing.

78


http://frodo.wi.mit.edu/primer3

Primer name

Primer sequence

NS1/NS2AFor | AGGATCOCACCATG AGCACCTCACTGTCTGTGTCA
NS1/NS2ARev [ GCGCGGCCE&TTACCTTTTCTTGTTGGTTCTTGAAAG
NS2B/NS3For | TAGGATCOCACCATG AGCTGGCCACTAAATGAGG
NS2B/NS3Rev | GCGCGGCCGAOTACTTTCTTCCAGCTGCAAACTC
NS4A For TAGGATCOCACCATG TCCCTGACCCIGAACCTAAT
NS4A Rev TAGCGGCCGATATCTCTGCTTTTCTGGTTCTGG
NS4B For AGGATCOCACCATG ACACCCCAAGATAACCAATTG
NS4B Rev TAGCGGCCGATACCTTCTCGTGTTGGTTGTGT

NS5 For AGGATCOCACCATG GGAACTGGCAACATAGGAGAG
NS5 Rev TAGCGGCCGETACCACAGGACTCCTGCCT

NS5FLAG Rev

TAGCGGCCGATACCCTTTGTCATCGTCGTC

MTase 26(Rev

TAGCGGCCGETAGCTTCCGAGGTCTACATCTGG

Pol 270 For AGGATCCCACCATG GAGATACCAAACCTAGACATAA
Pol 405 For AGGATCCCACCATG AATGCAGCCTTGGGGGCC
NLS 320For AGGATCCCACCATG AATGCCTCCGGGAACATAGTG
NLS 405Rev TAGCGGCCGQETAGCTTCTCACCTTTCTTGT
LentivectorF AAAGAGCTCACAACCCCTCA
LentivectorR CAAATTTTGTAATCCAGAGGTTGA

Table 21|

Primers employed for PCR amplification of DENV NS cassettes and f
sequencing. The nucletide sequences recognised Ibgstriction enzymes &
underined; the Kozak sequence+start codon (forward pripfeos) and the stc
codons (reverse primerRey are in bold.Lentivector Fand Lentivector Rmag
within the lentiviral vector, upstream and downstream of the cloning
respectivelyand were used fANA sequencing.

2.1.1.2 High-Fidelity PCR
To avoid DNA contaminationPCR reactions were set up @ separate
designated aredeparate micrgipettes, reagents, equipmetdporatory cots

and sterilized pipetteds were used.

Negative PCR controls in which the DNA template had been replacédH®
were included: Isould these give positive results, then the experimenttiaad

current batch of reagent aliquots were discarded.
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Accordingly to manufattirer’'s instructions, the following reagents were mixed

as inTable 22:
Component Volume Final Concentration
ddH,O Up to 50m
5X Phusion GC Buffer 10m 1X
10mM dNTPs 1m 200mM each
25mM Primer Forward im 0.5mMv
25mM Primer Reverse 1m 0.5mMM
DNA template X (10-50 ng)
Phusion DNA
poymerase 0.5m 0.02 U/mi
Table 22|

Reagent mix for High Fidelity Phusion PCR

PCR reactions were performed in theermal cyclerl-cycler (BIO-RAD),

peheated to 95¢able23as described in
Number
Cycle step | Temperature Time of
cycles
Initial . 9 8 ¢ C | 30 seconds 1
denaturation
Denaturation 9 8 e C| 10 seconds
Annealing* XeC 30 seconds| 30
Extension 72e C| 30xdkb
Final 7 2 e C| 10 minutes 1
Extension 4¢C hold
Table 23|

Cycling conditions for High Fidelity Phusion PCR
*An anneaing temperature equal to the mel
temperature (Tof the lower Tm primer has been us
The Tm of each primer has been calculated usin
nearesnheighbor method on the Finnzymes™ wel
(www.finnzymes.con). When necessary, a tempera
gradient has been used in order to find the op
annealing temperature.
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2.1.2 Agarose gel

PCR products, amplified plasngdand DNA digestions were analysed on
agarose gel in order to test the presence and tirectcsize of the DNA of

interest.

All gels were prepared dissolvingglof agaroséMelford) in 100ml of 1X TAE
buffer, diluted from 50X TAE stock[1L: 242 g Tris base (Trizma), 57.inl
glacial acetic acid and 108l 0.5M EDTA, pH 8.0], anéddding 5m of 10 mg/mi

EthidiumBromide (Sigma).

1X loading dye 0.25%(w/v) bromophenol blue, 0.25%w/v) xylene cyanol FF
in 40% (w/v) sucrose solution] was added to-Z00 ng of DNA before loading.

0.5ng of molecular ladder (b or 100bp, NEB) were loaded as reference.

Gels weregun at5 V/cm until the bromophenol blue fromt the loading dydnad
migrated at a sufficient distance. Gels were then visualized using a UV trans
illuminator (Epi Chemi Il drkroom, UVP Laboratory Products) and

photographed if require(Goftware: Labwork 4.6)

2.1.3 Subcloning in pGEM®-T EasyVector System

The pGEM®T Easy Vector System is a convenient system for cloning PCR
products.DNA amplified by PCR has flat extremities thatake particularly
difficult the cloning into a vector; even when the DNA template is flanked by
restriction sites, enzymatic digest of linear fragments is particularly difficult,
especially close to the DNA extremities. Inserting the PCR product into a

sukcloning vector is a common strategy to facilitate the activity of restriction
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Xmn| 2009
7l |
Sca 1890 \ a1 2707/ | Apal | 14
Aatll | 20
f1ori Sphl | 26
BstZ|| 31
Neol | 37
Ampf g 3
pGEM®-TEasy  lacZ Sacll | 9
Vector 1 EcoR1| 52
(3015bp)
Spel | 64
coR| | 70
Not | 77
BstZ\ | 77
Pst | 88
ori Sall 90
Ndel | 97
Sac|l 1109
BstX1 | 118
Nsi | }31
T spe
pGEME-T Easy Vector sequence reference points:
T7 RNA polymerase transcription initiation site 1
multiple cloning region 10-128
SP6 RNA polymerase promoter (-17 to +3) 139-158
SP6 RNA polymerase transcription initiation site 141
pUC/M13 Reverse Sequencing Primer binding site 176-197
lacZ start codon 180
lac operator 200-216
B-lactamase coding region 1337-2197
phage f1 region 2380-2835
lac operon sequences 2836-2996, 166-395
pUC/M13 Forward Sequencing Primer binding site 2949-2972
T7 RNA polymerase promoter (-17 to +3) 2999-3

Figure 2.1]
Map of the pGEM®-T Easy Vector and sequenc
reference points.

enzymes, and sometimes to insert or substitute restriction sites in the subcloned

DNA.

The pGEM®T Easy Vector Figure 2.) carries 3T overhangs at both ends of
the linearisedvector: 3-Ts at the insertion site prevent-gecularisation of the
vector and provide compatible overhangs for PCR products flanked by

deoxiadenosine@ATP), improving the efficiency of ligation.

The multiple cloning region is located within thepeptide coding region of the
enzyme b-galactosidase: insertional inactivation of thepeptide allows
recombinant clones to be immediately identified bloao screening in indicator
plates. In this work, subcloning in pGEMT Easy vector has been used every

time we amplified a construct by PCR, for following cloning into the lentiviral
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vector.

2.1.3.1 A-tailing

In order to match the 3 overhangs of the pPGEM® Easy Vector cloningite,
PCR products must carrj-overhangs. Thermostable DNA polymerase with
proofreading activity generagéblunt ends during PCR amplification, but these
fragments can be modified by insertion of attall at both sides of the fragment
by incubating for 30 mi rsectioex1.3.2 PCR70¢eC

products with a Tag DNA polymerase in excesdATP.

The A-tailing reaction mix was prepared asTiable 24.

Component Volume
10X Taq Polymerase Buffer im
dATP (1 mM) 2m
MgCl, (25 mM) 0.6m
GoTaq Flexi DNA Polymerase im
Purified PCR product 5.4m

Table 24|
Reagent mix for Actailing reaction.

2.1.3.2 PCR purification

The additionof a polyA tail would be prevented by the preadading activity
of the High Fidelity DNA polymerase in the reaction. Therefore, all products were
purified from PCR reagent by using the QIAquick® PCR purification kit

(Qiagen), following manufacturer's tngctions.

Briefly, each PCR sample were mixed with Binding Buffer and loaded in a
small silica column: the high salt concentration provided by the Binding Buffer

allows DNA products between 100 bp and 10 kb to absorb to the column, while
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contaminants pas through. Impurities were washed away by an ethanol

containing buffer, and pure DNA was eluted with water.

2.1.3.3 Ligation in pGEM ®-T Easy Vector

Ligations were performed following manufacturer's instructions; reagents were

mixed as shown ifable 25.

Reaction Standard Positive | Background

Component reaction control control
2X rapid ligation 5m 5m 5ni
PGEM®-T Easy
Vector (50ng) im 1 1m
PCR product X mi* - -
Control insert DNA - 2m -
T4 DNA ligase
(3 Weiss units/ml) im 1n im
Nuclease free watel Up to 10ni | Up to 10m | Up to 10m

Table 25|

Reagent mix for cloning intopGEM® -T Easy vector.

*A volume corresponding to 1:1 or 3:1 insert:vector ratio
normally been used. To calculate the appropriate amount of
to include in the ligation reaction we used the following eque
[(ng of vectors x kb size of insert)/kb size of vector

insertvector molar ratio = ng of insert.
Size of vector pGEM®-T Easy =3 kb.

The

transformants.

2.1.3.4 Transformation

Max Efficiency® DH=E
with pGEM®-T Easy Vector, following manufacturer sstnuctions. Briefly, 50
nm of competent cells were aliquoted into jot@lled tubes and i of the ligation

reaction was added. Cells were incubated 30 minutes on iceshwsted 30

react.i

ons

wer e i

competent

ncubated

cell s

at

have
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seconds in a 37eC water bath, and pl ac

450 m of room temperature LBnedium were added and the samples were
incubated at 37eC, 225 rpm for pdatehour .
containing100 ng/ml ampicillinand prepared by adding 1% of 50 ng/ml X-gal,
and3 m of 1 mM IPTGonto the plates 1 hour before usiijates were incubated
at 37eC overnight. As s-TEasye/scwofintdrrupisns er
the coding sequence btgalactosidase, recombinant clones candeatified by

colour screening, with clones containing PCR products generating white colonies.

2.1.4 DNA preparation

2.1.4.1 Mini -DNA preparations (minipreps)

Minipreps were employed when only a small amount of DNA was required, i.e.
for screening of positive colonieafter transformation. On average, 5 white
colonies per plate where selected and
of LB medium containing 10@g/ml of ampicillin. The following day DNA was
isolated using Promega Wizard®us SV Minipreps DNA Puriication System,
according to manufacturer's instructions. Briefly, 3 ml of bacteria culture were
harvested by centrifugation at maximum speed in a tabletop centrifuge. Pellet was
resuspended in Cell Resuspension Solution and lysed by Cell Lysis Solution.
After short incubation, Alkaline Protease Solution was added to inactivate
endonucleases and other proteins released during the lysis. Lysis was stopped by
adding Neutralisation Solution. Bacteria lysate was centrifuged at maximum
speed in a microcentrifuger 10 minutes, and the cleared lysate transferred to a
silica-membrane column. The column was washed with a Column Wash solution
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containingethanol and the DNA eluted in nucledsee water. Eluted DNA was
guantified and assessed for purity by NanoDrdgD{1000 NanoDrop®

Spectrophotometer; software: NIDOO V3.2.1).

2.1.4.2 Midi -DNA preparation (midipreps)

When higher amounts of DNA were required, Promega R Yi el dE Pl a
Midiprep System were used, following manufacturer's instructions. The main
differences compared with the miniprep system are the possibility of processing
larger volume of bacteria culture @00 ml), and therefore obtaining larger
amourts of purified DNA. Eluted DNA was quantified and tested as described

above.

2.1.5 Enzymatic Digestions

Enzymatic digestions are used in order to generate compatible ends in vectors

and inserts before ligation, or to check the correct size of the selectes. clone
In this work restriction digests were used:

fto extract the inserts from the pGEMBEasy Vector;

{to linearised the lentiviral backbone;

{to test the presence and the correct size of the insert, after cloning in pGEM®

easy or in the lentiviral vector.

Restriction endonucleasesployed in this study:

BamHI (NEB, Buffer Barkil, BSA): cloning site
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TNotl (NEB, Buffer 3, BSA): cloning site

TAscl (NEB, Buffer 4): cloning site for the MESWédadersequence (see chapter
3, section3.3.3.)

fScal (NEB Buffer 3): to break the pGEM@ Easy backbone when the insert

had a similar size to the pGEM®Easy itself, in order to help the separation on

gel.

1 unit (U) of enzyme is defined as the amount of enzyme mredjtar digest hy
of DNA in 1 hour at 37ecC. The require
appropriate dilution of the specific 10X Restriction Buffer recommended, the
appropriate dilution of 100X BSAvhen required, and with sufficient amount of

enzyme.

To generate compatible ends for cloning, between 5 amiyidi DNA from a
midiprep were digested in a final volume of 18I0 To check the correct size of
the inserts only Irg of DNA was digested, in a final volume of &0 When
double digestin was required, but no restriction buffer was compatible with both
enzymes at the same time, restrictions were performed subsequently, heat
inactivating the first enzyme (when possible) and substituting the restriction

buffer by ethanol precipitation ofi¢ DNA (see below).

2.1.6 Ethanol precipitation of DNA

Ethanol precipitation of DNA was used to replace the restriction buffer in
sequential digestions, when the efficiency of the second restriction enzyme was

suboptimal in the buffer used for the first restantdigestion.
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To precipitate DNA1/10 volumesf 3 M sodium acetate (pH 4.8) weadded,
followed by 2.5 volumes of cold ethdndhe solution was mied thoroughly and
placedati 80°Cfor at least30 minutes. The tube wahen spun at 12,0@pfor 15
minutes at 4°C. fie supernatant waaspiratedand the pellet washed once with

70% ethanolair-driedand resuspended in the desired buffer.

2.1.7 Insert preparation

Inserts were extracted by double digestion from the pGEMBasy Vector.
Digested DNA was run on agpse gel in order to separate the linearised
fragments. All digested DNA volume was loaded on 1% agarose gel and run until
the loading dye has reached the bottom end of the gel. The gel was then exposed
to UV light for the shortest time possible in ordert to damage the DNA and a
thin slice of gel containing the fragment of interest was cut and carefully trimmed.

DNA was purified from agarose as describedention2.1.9.

2.1.8 Backbonepreparation

2.1.8.1 Dephosphorylation of linearisedDNA fragments

During a |ligation r-gracup oand hte-bgrém3 & n
become the substrate for the T4 DNA ligase resulting in a phosphodiester bond.
This could generate recircularisation of the vector, preventing the insertion of the
transgene of interest. Therefore, especially when the extremities of the vector are
blunt, or when high background is observed in the absence of the insert,
dephosphorylation of the vector is requir®y. using the calf intstinal alkaline

phosphotase (€ NEB), t h e phdsghateends of the DNA vectorare removed,
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and the vectois unable to selfigate.

After double digestion e reaction was performed resuspending the DNA in 1X
NEB buffer 3 at a concentration of @p10M, and adding 0.5Wf enzyme per 1

ng of DNA. The reaction was incubated at 37°C for 1 hour.

2.1.9 Isolation of DNA from agarosegel

The procedure to purify DNA from gel depends on the size of the fragment: for
fragments longer than 10 kb we used QIAEX Il Agarose Gel Extractibn ki
(Qiagen), while for shorter fragments we used QIAquick Gel Extraction kit
(Qiagen), following manufacturer's instruction. Both kits are based on
solubilisation of the agarose and selective absorption of the DNA onto silica gel in
the presence of high $abut the QIAEX Il Agarose Gel extraction kit, optimised
for larger DNA fragments (up to 50 kb), employs silica gel particles, while the
QIAquick Gel Extraction kit, optimised for fragments up to 10 kb, employs silica

gel membranes. Washing steps remanpurities and DNA is eluted in water.

2.1.10 Cloning in lentiviral vector

2.1.10.1Ligation

Ligation between the BamHlotl linearised, dephosphorylated, and gel
purified lentiviral vector, and the genes excised from pGEM Easy were
performed following the instructiofor the Rapid DNA Ligation Kit (Roche).
Briefly, 50 ng of lentiviral backbone and a 3:1 insert:vector ratio were diluted in

1X DNA Dilution Buffer, in a final volume of 1@ri. 10 ml of T4 DNA Ligation

Buffer were added to the DNA mix, followed bym of T4 DNA Ligase. The
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reaction was incubated 10 minutes at room temperature.

2.1.10.2Transformation

Transformation of DH& cells was performed as described above &ssion

2.1.3.9, using X2 m of ligation mix.

Colonies were screened by minipreped¢tion 2.1.4.) followed by double
digestion BamHINotl (section 2.1.5, and correct clones were anifigld by

midiprep Gection2.1.4.2.

2.1.11 DNA sequencing

DNA from selected clones was sequenced by The Sequencing Service of the

University of Dundee.

Primers mapping shortly upsam (entivector F, see a&ble 2.1) and
downstreamLentivectorR, see able 2.1) of the cloning site were used to check

the correct insertion of sequences into the lentiviral vector.

2.2 PRODUCTION OF LENTIVIRAL VECTORS

2.2.1 Virus production

Generation of lentiviral vectors was performed by triple transfection 8T 29
cells with three different plasmids: the lentiviral vector containing the gene of
interest, a second plasmid coding for the ¥S\envelope, and a third plasmid
(PCMVR8.91) coding for viral enzymes required for reverse transcription and
integation. Supernatant containing virus particles was collected and cleared after
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48 and 72 hours and concentrated by ultracentrifugation. Each virusprep
correspond to the supernatant collected from four 10 cm tissue culture dishes;
virus preparations were aed up as needed, taking into consideration the amount

of virus required and the average yield of the specific lentivirus, often depending

on the size of the transgene.

2.2.1.1 Cell plating

On the first day, 293T cells were washed, trypsinised, counted anti®l.3
cells/plate were seeded in bl of complete DMEM(10% FCS 1% Gin). Cells

were incubated &8 7 ¢ C,  1tiDtke foloWing day.

On the following daynedia was replaced (10 ml) 2 hours before transfection.

2.2.1.2 Transfection

Transfections of 293T cells were performed using FUGENE®6 Transfection
Reagent (Roche). FUGENE is a blend of lipids and atberponents that forms
complexes with DNA and transperit into animal cells. Benefits of FUGENE
over other transfection systems are the high transfection efficiency of 293T and no

cytotoxicity.

200 M of OPTIMEM were aliquoted into 4 eppendorf tubes a@&m of
FUGENE were added to each tube, without allowing the transfection reagent to
touch the side or the bottom of the tubes. Tipesomes were left for 15 minutes
at room temperaturdn the meantime, the DNA mix was prepared as follows

(Table 26);
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Component Volume
pCMVR8.91 plasmid 6 Ny

VSV-G plasmid 6 ny
Lentiviral vector 9.2ny
Water Up to 200m
Table 26|
DNA mix for triple transfection of
293T cells.

50 m of DNA mix were added to ehceppendorf containing FUGENE, and the
mix was incubated at room temperature to allow the formation of the-DNA
liposome complexes. After at least 30 minutes, the complexes were added to the

cell s and i ncubaoveenghtat 37¢C, 10% CO

The following daythe media was replaced.

2.2.1.3 Supernatantcollection

The supernatant was collected at 48 and 72 hours, and cleared from detached
cells and cell debris by low speed centrifugation (5 minl@@8g), followed by
filtration (0.45mm filter). Cleared supernatamta s ke p't in the fri

ready to be concentrated.

2.2.1.4 Virus concentration

After the last collection, the supernatant was pooled together and kept cold.
Maintaining the temperature low is critical along all the procedure. Therefore viral
supernatah tubes, rotor, centrifuge, buckets must be kept refrigeedtdige time.

The supernatant gaaliquoted into sterile prehilled centrifuge tubes and
ultracentrifuged (Sorvall Di scovery 10
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After centrfugation, the supernatant is removed by inversion and the tubes kept
upsidedown to drain all the media from the walls. &0 of complete media
(DMEM, 10% FC$ were added to each tube and the virus resuspended by
pipetting. The tubes were lefon ice for 10 mintes to allow complete
resuspension of the virus and finally all volunvere pooled together in a pre
chilled eppendorf tube. The eppendorfsvapun in a table top microcentrifuge
(13,000rpm for 1.5 min to remove bubbles, dnthe virus aliquoted in 2@i

aliquots in sterile prehilled eppendorf tubes.

Viruses werestored at8 0 e C.

2.2.2 Virus titration

Each virusprep was quantified by measuring the efficiency of transduction of
different amounts of virus on 293T cells. 293T cells are known for their high
pemissivity to viral infection, allowing the approximation that 1 cell is infected
by 1 viral particle. 200,000 293T cells/well were seeded into six wells of a 24
well plate in a volume of 4061. One aliquot of virusvas defrosted on ice and in
the meantimé.00m of complete media were aliquoted into 6 eppendorf tubes. To
each tube the following volumes of virus were addeqdt; 0.3 m, 0.5m; 1 m; 2
m; 5 nl, and the content of each tube was transferred onto the cells. Cells were
i ncubate athous7apdC GFP @xpressiod was measured by flow
cytometry, calculating the percentage of positive cells compared to the
untransduced cells.Virus concentration was calculated by using the following
equation:

Virus particlesht=[200,000 - ( % positive cells100)] / volume of virus added
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2.2.3 Transduction

10-10° cells were washed, resuspended in #D6f complete media, and seeded
in a 24 well plateThe volume of virus needed to transduce the desired number of

cells was calculated using the following equation:
[10-10° (= number of cells to transduce) - MOI] / virus titre

where MOI (Multiplicity Of Infection), represent the number of infecting

particles per cell.

The corresponding number of vials was defrosted on ice and the calculated
volume of virus was adddd 100m of complete media previously aliquoted in an
eppendorf tube. The diluted virus was addetb the cells and the plate incubated
at 37eC for 72 hour s. Af ter 24 hour s
Efficiency of transduction was measured by flow cygbm by comparison with

untransduced cells.

2.3 REVERSE TRANSCRIPTION AND REAL TIME
PCR

2.3.1 RNA extraction

RNA was extracted from 2-f0cells for each sample. Cells were lysed in
Trizol® (Invitrogen), a mongohasic solution of phenol red and guanidine
isothiocyang, which maintains the integrity of RNA whillisruptingcells and
dissolving cell components. RNA extraction was performed following

manufacturer’s instructions; briefly, after resuspension of cell pellet in Trizol®,
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chloroform was added, followed by ddfugation, in order to separate the
solution into an aqueous phase, containing exclusively RNA, and an organic
phase containing DNA and proteins. RNA is recovered from the aqueous phase by

precipitation with isopropyl alcohol, and resuspended in RNAse irater.

RNA was quantified by Nanodrop and storeddad e C .

2.3.2 DNAsetreatment

3 ng of RNA were treated with DNAsén order to ensure the complete removal
of any DNA contamination: il of 10X DNAse buffer and &1 of DNAse (FPLC
pure Dnase |, 5000U, Aersham Pharmacia Biotech Inc.) corresponding to 3
units were added to the RNA. RNAse free water was added up b drfd the
sample incubated at 37eC for 30 miinute

of STOP buffer and i nmtesubating at 65¢eC

2.3.3 cDNA reversetranscription

2 ng of RNA were mixed to il of Random Primers (Promega)nilof RNAse
inhibitor (Promega), andnic ubat ed at 7 0 to gn€lt sécondary 3  mi
structures within the template, and then immediately on ice to prevemday
structure re-formation. The following components were then addedm Sof
dNTPs (40mM), 5 of 5X MLV buffer (Promega), 5.81 of RNAse free water,
and 1 m of M-MLV reverse transcriptase enzyme (Promega). The mix was

incubatedl1hor at 37 ¢eC.
The remaining RNA was used asiegative control, to exclude the presence of
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DNA contaminants, and was therefore treated according to the same procedure,

but in the absence of MILV.

For gualitative experiments aiming at testing the preseheet@nscript, both
the samples and the corresponding negative controls were amplified by PCR and

separated on an agarose gel.

2.3.4 Taq PolymeraseChain Reaction

For PCR screening and control PCRs high fidelity was not required and we
employed GoTaqg® Flexi DNARolymerase (fomega). The enzyme is a modified

form of Taq DNA polymerase that | acks

| this work, TagPCR was employeth order to confirm the presence of the
transcript in K562 after transductiamth lentiviruses encoding different DENV
NS proteins.For NS1/NS2A, NS4A, and NS4B the same primers used for cloning
were employed; for NS2B/NS3 and NS5 internal primers amplifying a shorter

region were specifically design€@iable 27)

Primer Sequence
NS2B/NS3 RT Forwarqd AGGCTGGAAGCTAGAAGGAG
NS2B/NS3 RT Revers§ GTCGATGATTGGAGATCCTG

NS5 RT Forward ACAAACCACATGGAAGGAGA
NS5 RT Reverse GTCAGGTGCTGAATGCTTTT
Table 27|
Primers for amplification from cDNA of NS2B/NS3 anc
NS5.

PCR were performed flowing manufacturer's instructions, carefully mixing

the following componentélable 28):
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Final
Component Volume Concenration
ddH,O Up to 50m
5X GoTaq® Flexi Buffer 10m 1X
MgCl, Solution, 25mM 5m 2.5mM
10mM dNTPs 1mi 200mM each
25nmM Primer Forward im 0.5mMv
25nmM Primer Reverse im 0.5nmMM
DNA template X (10-50 ng)
GoTag® DNA Polymerase 0.25m 1.25U
Table 28|
Reagent mix for PCR from cDNA.
and using the following conditian(Table 29)
Number
Cycle step Temperature Time of
cycles
Initial
denaturation 95e C| 2minutes 1
Denaturation 95e¢C 1 minute
Annealirg* XeC 1 minute 30
Extension 7 2 e C| 1 minute/kb
Final Extension 72eC| Sminutes 1
4¢eC hold

Table 29|

Cycling conditions for PCRfrom cDNA.
*The annaling temperature was normalf°C below tle
calculated melting temperature (Tm) of the primers. The
of each primer has been calculated using the neaeggtbo

method on the Finnzymes™ websitexfw.finnzymes.com

2.3.5 RealtimePCR

In this work reaitime PCR (RTPCR were performed to measure the induction

of the type | IFN sensitive genes (IpRX1 and OAS1 in response to stimulation
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with IFN-a.

Cells were stimulated with 100 1U/ml of IFA, andthe RNA extracted, DNAse
treated and reverse transcribed as described above. SYBR® Green is-a DNA
binding dye that incorporates into dsDNA and emits fluoreseeonly when
bound to dsDNA. Maximal excitation and emission are, respectively, at 494 nm
and 521 nm. As the fluorescent signal increases proportionally with the increasing
amount of amplicon generated in each cycle, the techniques can be used for

accurateguantification.

Primers were designed following the same criteria described above but,
differently from ordinary primers, RPCR primers were specifically designed to
amplify internal regions of the genes of interest no longer that2000bp, and
having both a meltig temperature between 50 ande60 . The pri mers

listed inTable 210 below:

Primer name Primer sequence
MX1 Forward AACAACCTGTGCAGCCAGTA

MX1 Reverse AAGGGCAACTCCTGAGAGTG
OAS1 Forward ACAGGCAGAAGAGGACTGGA
OAS1 Reverse GCCAGGAGTCAGGAGACTTG
GAPDH Forward | ACAGTCCATGCCATCACTGCC
GAPDH Reverse | GCCTGCTTCACCACCTTCTTG

Table 210
Primers employed for real time PCR.

2 m of template were added to a mix constituted of 13.6f SYBR® Gresn
(Qiagen), 9.5M of water and Im of primers (10mM). A sample in which the

template had been replaced with water has been usacth@gative control, to

exclude the presence of contaminants. All samples were analysed in duplicate.
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Samples were run im RotorGene (RG3000, Corbett Research; software:

RotorGene 6), using the following cycling conditiofisable 211):

. Number

Cycle step | Temperature | Time of cycles
Initial _ 95e¢C 15 minutes 1
denaturation

Denaturation 94e¢eC 15 seonds

Annealing 50-6 0 e C| 20-30 secondg 35
Extension 7 2 e C | 10-30 seconds
Table 211]

Cycling condition for real time PCR.

To correct experimental variation the experimentvere normalised to the
constitutively expressed ge@APDH, coding for an abundant glycolytic enzyme
and present in most cells. GAPDH was chosen becausgptessn is constant
among different tissueand because it isot influenced by the experimental
treatmentDifferences in the expressiaf GAPDH indicatehat the expression of
the normaliser is either up or dowegulatel, and therefore the experiment must

be discharged.
Data analysis

After the run was completed, the threshold cycle) (@lue (cycle at which a
significant incease with an exponential growth of PCR prodadirst detected)
was manually set. The Ct value is inversely proportional to the amount of product
present. The threshold should be placed above any baseline activity and within the

exponential increase pba (which looks linear in the log transformation).

The Ct of the gene of interest was normalised to the housekeeping gene

GAPDH, using the algorithm:
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Relative expressioné‘i GAPDHi Ct Gene of interest)

2.4 IMMUNO CHEMISTRY TECHNIQUES

2.4.1 SDSPolyacrylamide gelelectrophoresis(SDSPAGE)

2.4.1.1 Samplepreparation

Pellet from 310-1CF cells was washed twice in PBBefore adding 1001 of
whole cell lysis bufferZ ml HEPESKOH [1 M], 5 ml NaCl [1 M], 2 ml NP40,
0.5g SodiumDeoxychoate, 0.2g SDS, Iml SodiumOrthovanadate [1061M], 1
ml EGTA[100 mM], 10 ml Sodium Fluoridg100 mM], mace up to 100ml with
deionisedH,0) containing 10m Sigma protease inhibitor cocktand 10m
PMSF [100 mM] freshly diselved in DMSQ Cell lysate was centrifuged at
13,000rpm at 4°C for 15 mio remove thewucleic acid pellefTo 20 of lysate,
2.5m DTT [1 M] and 7.5m of gel loading buffer (Invitrogen) weradded and
the sample was heatext 70 °C for 10 min to allow reduction of disulphide

bonds

2.4.1.2 Electrophoresis

Samples were loaded onto BRRAD minigels (for 15 ml of 10% acrylamide
running gel: 6.15ml H20; 5ml 30% acrylamide, 3.781 0.5M Tris-HCI pH8.8,
150m 10% SDS, 751 10% APS, 15m TEMED; for 10 ml ofstacking gel 6.1
ml H,O, 1.3ml 30% acrylamide, 2.5l 0.5M TrisHCI pH6.8; 100m 10% SDS,
50 m 10% APS, 20m TEMED), using the following running buffeld g Tris

base, 4.5 g Glycing1 g SDS, in 1 litre of deioniséd,O.
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Gels were run at 200 V until the front of the dye reached the bottom of the gel.

2.4.2 Westernblotting

2.4.2.1 Protein transfer

After separation by SDEAGE the stackingvas gel removedand te running
gel was eaked in protein transfer buffd® g Tris, 1.46g Glycine, 100ml
Methanol,for 500 ml of deionisedH,0) for 10 minutes for equilibratigrn order
to preventany distortionduring the transfer process. A sheet of Hybond PVDF
membrane or nitrocellulose membrang Amersham) was cut to size and
equilibrated briefly in transfer buffer.Before equilibration in transfer buffer,
PVDF membranes only weractivated in methanolThe transfer process was
carried out at 15 Mor 45 minutesl hou in a BioRad Transblot®SD Seniyry

Transfer cell

2.4.2.2 Blocking
Following transfer, the membrane was rinsed brieflyTIBS. Nonspecific
binding sites were blocked by immersing the membrandlocking solution
(TBS-Tween 0.2%with 5% PVPand 0.5% FBSor TBSTween 0.2% with 5%
nonf at dry mil k, depending on the pri ma

temperature for 1 hour.

2.4.2.3 Blotting
Blocking is followed by incubation with thappropriate dilution of the primary
antibody in blo&ing solution for an hour atoom temperature, or at °C

overnight. After incubationhie membrane was rinsed five timasvashing buffer
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(TBS-Tween 0.2%).alternating quick rinsewith longer washing (5 minutes,
and then mcubatedagainfor 1 hourat mom temperaturevith an appropriate
dilution of secondary antibody in blocking solutiohhe washing steps were

repeated as above in TBS without Tween
Primary antibodies employed in thetudy

9 anti NS1 (5H5.4): mouse monoclonal (from Paul Young)

1 anti NS5: rabbit polyclonal (from Andrew Davidson)

1 antrFLAG M2: mouse monoclonal (Sigma)

9 antthuman STAT1: mouse monoclonal (Zymed)

1 antrthuman phosph&TAT1: mouse monoclonal (Zymed)

1 antrhuman STAT2: mouse monoclor(@D Transduction Laboratorigs

1 antithuman pmospheSTAT?2: rabbit polyclonal (Upstate Technology)

1 antiphospho Tyk2: rabbit polyclonal (Cell Signaling Technology)

1 antrthuman phosphdyk?2: rabbit polyclonal (Cell Signaling Technology)
1 antrhumanb-actin: rabbit polyclonal (Sigma)

Secondary antibodies employed in tisdy

1 HRP-conjugated goat anthouse (Dako Cytomation)

1 HRP-conjugated goat antabbit (Dako Cytomation)

2.4.2.4 Development

The membrane wascovered by a mix ofECL or ECL-Plus reagents
(Amershan) following manufacturer’'s instructions and incubated f&rrhinutes.
The membrane wathen carefully drained on tissueyapped in tngfilm, and

exposed to a sheet of autoradeggny film for Zecondsbminutes before
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develgpment(Developer Xograph imaging system CompactX4)

2.4.3 NS5FLAG Immunoprecipitation

Immunoprecipitation (IP of tagged proteins is a well established procedure
which has been standardised for different tags. FLAG is a short peptiélep{N
Tyr-LysAspAspAspAspLysC), which allows fusion proteins to retain their
original conform#éon and function. Its hydrophd character increases the
likelihood that it will be located on the surface of the protein, where it is

accessible to the antibody.

To immunoprecipitate NSELAG, we employed the FLAGIPT1 FLAG®
Immunoprecipitation Kit from SIGMA, following manufacturer's instructions.
The IP is performed with arRELAG® -M2 affinity gel, which is a highly specific
monoclonal antibody covalently attached tagarose resin. The high
standardisation of this procedure allows efficient binding of FiAGged

proteins without need for preliminary steps and calibration.

Briefly, 10 cells were washed twice in PBS and then lysed iml Iof Lysis
Buffer, containing 101 of Sigma protease inhibitor cktail, for 30 minutesat
4 ¢ C, i n a reoysdteewas centrituded X0 .mingtas 12,000y , 4eC,

and the supernatant transferred into a chilled test tube.

40 m of resuspended gel were used for each reactionnastied 3 times with
0.5ml of 1X Washing Buffer, once with Orbl of Elution Buffer to remove traces
of unbound antFLAG antibodies, and 3 more times with O of 1X Washing

Buffer. 900 of cell lysate were added to the resin and the final volume was

brought to 1ml with Lysis Buffer.The remaininglO0 m of whole lysate were
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kept as control for following immunoblots.

Two control reactions were performed: a positive control consisiinthe
immunoprecipitation of a FLA@GBAP fusion proten, anda negative control
consisting oblank reagents, without proteins. For the positive controi| @f 1X
Wash Buffer and 4 of 50 ngim (= 200 ng) of FLAG-BAP fusion protein were
added to the resin; for the negative control onlynilof Lysis Buffe with no

proteins was added to the resin.

Samples and controls were gently agitated on a roller shaker for at least 2 hours.
After incubation the res was centrifuged for 30 minutest 8,200g and the
supernatant, containing all the unbound proteins, rgasoved. Theresin was

washed 3 times with 1X Washing Buffer.

Elution was perfaned wi t h 3X FLAGE peptide, whji
gentle elution through direct competitionmBof 5 mg/ml 3X FLAG peptide were
added to 1001 of 1X Washing Buffer. After 30 minutes of gentle shaking@t@,
the resin was centrifugated and theesmatant, containing the eluted NEBAG
was collected and stored & 0 e C, and t h ebots assdesdribel o r i

above.

2.4.4 NS1 ELISA

A 96 well plate was coated overnight at@ with 50 of Coating Buffer (1.59
g Sodium Carbonate; 2.98 Sodium Bicarbonat 0.2 g Sodium Azide; 900 ml
deionisedH,0. Adjust to pH 9.6 with HCI and make up to 1 ¢pntaininga-NS1
antibody(1:1500) The plate wasvashed3 times with PBS Tween20, and each

well blocked with150m of 1% gelatin in PBS, 0.1%d8ium Azidefor 1 hour at
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room temperatte. The plate washen emptied andvashed again 3 times with

PBS TweegO0.

The samples wer serially diluted in PBS Tween20 containi@g@5% gelatin,
and together with a standard curve of Dengue NS1-519g/ml), left to incubate
for 1 hour at 37C, before washing 3 times with PBSveer20. 100 of 1H7.4
a-NS1 antibodydiluted to 1/1000 in PBS Twe28-0.25% gelatin weradded to
each welland incubated for hour at 37°C, before washing 3 times with PBS
TweerR0. 100m of 1/1000 dilution of goat-mouse IgG/Peroxidase conjugate
were added to each well and again incubated for 1 hour at 37°C. The plate was
then washed three times and ¥8®f TMB substrate solution were added for 15
minutes at room tempdrtae in the dark. The incubation was stopped with 00
of 1 M H,SO, and the plate mixed with swirling for 15 seconds. The absorbance
at 450 nm was measured in a microplate rea(lBropix TR 717 microplate
Luminometer PE applied Biosystemsjthin 5 minues after the addition of the

stop solution.

2.4.5 Surface Stainingand Flow Cytometry

In this work, surface staining was employed whenever we wanted to test the
presence of a specific antigen, or alteration on its expression on cell surface. In

this work surfae staining was used:

-to measureexpressiorof the IFN sensitive antigen HL-ABC in response to

both IFN-a and IFNgin different K562 based cell line

-to measure the expression of the type I IFN receptor IFNAR2c
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Primary antibodies employed in this study

1 antthuman HLAABC (clone W6/32): mouse monoclonal (Dako

Cytomation)
1 antrhuman IFNAR2c: mouse monoclonal (CalbioChem)

Secondary antibodies employed in this study:

1 APC-conjugated goat anthouse immunoglobulins  (Jackson
Immunoreseargh

1 PE-conjugated goat anthouse inmunoglobulins (Jacksadmmunoresearch

All stainings were performed on3:10 cells. Cells were washed once in HBSS

and incubated in 56 | of blocking buffer (HBSS,

from the same species of the secondar

incubation, 50¢ | of primary antibody at t

buffer were added, and the sample was incubd045 mirutesat 4 e C.

he

Ne g

and isotype controls were incubated without primary antibody. Cells were washed

3 times with blocking buffer in order to remove the unbound primary antibody,

and 50m of the secondary antibody at the appropriate dilutioblocking buffer

were addedthe sampleswere incubated for 2680 minutesat 2 C i n t

he

Negative staining controls only were incubated without secondary antibody. After

incubation, cells were washed 3 times with HBSS to remove unbound secondary

anibody, and finally resuspended in 16Dof 3.8% formddehyde. Samples were

keptat£4 C in the dark wuntil ready to be

later than 12 hours.
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Controls

Negative control: cells incubated in the absence of primary anondainy
antibodies, to test the specificity of the staining and check autofluorescence of

cells

Isotype control: cells incubated the absence of primary antibotyt in the
presence of the secondary antibody, to test the specificity of the secondary

antibody.

2.5 TRANS-RESCUE ASSAY

2.10° non-adherent cellsvere treated overnight with001U/ml of IFNa-2a. The
following day 1x18 cells were counted and 0.Bfu/cell of EMCV added in
DMEM containing 2% serum for 1 hour at & Cellswere washed andegded
in 6-well plates in DMEM containing 10% serum.té&f 18 hours, the cells we
centrifuged at 6000Qpm for 2 minutes and the supernatants collected. The
supernatantwere added as aerialdilution onto an A549 monolay€®-1C cells
plated the night before) in a 98ell platefor 1 hour before being replaced with
DMEM containing 10% serum andcubatedovernight. The following day, cell
viability was determined by staining with methyl violet and reading the
absorbance at 57@m in a plée readel(Tropix TR 717 microplate Luminometer
PE applied BiosystemsThe ODmeasured waplotted against theerial dilution
of the EMCV: low optical density is index of cell death, while high optical density

suggests high viability.
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2.6 CELL MA INTENANCE

K562: RPMI 10%foetalbovine serum
Passaged 1:10 every3days
K562_Replicon RPMI 10%foetalbovine serum, with 8g/ml of puromycin
Passaged 1:10 everyd3days
293T: DMEM 10%foetalbovine serum

Passaged 1:10 exy 34 days

All cells derived from K562 following lentivirus transduction have been

cultured as parental K562.
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Chapter 3.

DEVELOPMENT OF K562
CELL LINES EXPRESSING
INDIVIDUAL DENV NON -
STRUCTURAL PROTEINS
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3.1 INTRODUCTION

The inhibition of the type | IFN respose in DENV infection hasbeen
extensively describedsé€echapterl, section1.5.2.9. Our group and others have
reported reduced intracellular levels of STA@Xey component of the type | IFN
signalling pathway, in DENV infded cells(Joneset al. 2005; Umareddet al.
2008) This suggests that STAT2 reducties at least one of the mechanisms

responsible for the inhibition of the IFN response.

In work published in 2005, our group reported inhibition of type | IFN and
reducton of cellular STAT2 levelsn human cell lines stablgxpressing the
DENV replicon DCprMEPAC2A, aselfreplicating RNA-based DENV2 (New
GuineaC strain NGC) sub-genome in which the genes coding for the structural
proteins have been removélbneset al.2005) The absence of viral entand the
lack of structural componentsnply that both IFN inhibition and STR2

reduction must involve one or more DENV nrsinuctural proteins.

The initial question that we wanted to address in this projectwinsh of the
DENV nonstructural protein/s was/were responsifile the inhibition of IFNa

and for the reduction of ST levels.

In order to test the roles of the individUdENV nonstructural components in
the subversion of the type | IFN respongethe first part of this workve aimed
to establishfive K562 cell lines, each one expressing a different DENV NS

proten cassetteK562 are a human chronic myeldelkaemia cell line, originally
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established from a patient in blast crigiKlein et al. 1976) Similarly to
monocytes, macrophagesand dendritic cells, K562 are cells of myeloid
haematopoietic origin, and therefardatedto DENV target cellsn vivo (chapter

1, section1.2.2. K562 have been extensively used by our group since they
efficiently support the replication of the DENV replicddCprMEPAC2A;
moreover, since they are mgable of producing type | IFKDiaz et al. 1988)

their response to viral infection can be studied in the absenaecommplicating

IFN autocrine lop.

One potential disadvantage of using K562 cells is that, in common with many
other cells of myeloid hematopoietic origin, they are difficult to transfect using
conventional mammalian expression vectors and standard reoleology
techniquesIn order to overcome the refractoriness of K562 cells to the most
common transfection methods, we decided to express DENV NS proteins in the
context of a lentiviral vector. The lentiviral vector used in this work is the dual
promote seltinactivating vector pHRSINCSGWdINotl_pUb_Em Kigure 3.},
described by RowgRoweet al. 2006)andEscors(Escorset al. 2008)and kindly
given to us by Professor Mary Collinex order to diminish the risk of vector
mobilisation and recombination, the 5° LTRong Terminal Repeat) are replaced
by heterologous promoting sequences, while U8 region of the 3° LTR is
partially deletedto abolish promoter activity(Zufferey et al. 1998) The
s e g uenc eRevResms&EEIement) is preserved in order to improve RNA
packaging efftiency and nucleocytoplasmic transpordnd the 178 base pair
fragment cPPTcentral PolyPurine Tract) is a esting sequence enhancing the
nuclear translocation of the pietegration compleXDemaisonret al. 2002) The

WPRE (Woodchuck hepatitis virus Pestinscriptional Regulatory Element) was
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added to increase the expression of the transgen@cbgasing the levels of
nuclear transcripts anthcilitating RNA nuclear expor{Zufferey et al. 1999;

Schambaclet al.2000)

The expredsn of the transgene is regulated by the SFHSpleen Focus
Forming Virus) promoter, chosen for its high activity in human dendritic cells
(Rowe et al. 2006) and to overcome the relative inefficiency of the Hbhg
terminal repeat (LTR) in the absence of Tat pro{@iamaisoret al. 2002) while
the Ubi (Ubiquitin) promoter regulates the ewgsion of the reporter gene
emerald GFP (Ejm The employment of a dual promoter system allows the
expression of a fluorescent marker with less likelihood of interference with the

transgene.

Transgene

l )
LTR N A LTR/AU3

oy /S
\\ 4
- [®/RRE [cPPT[SFFV promote WPRE ]prrumute>|r Emerald

[@%)

BamHI
Notl —

Figure 3.1]

Schematic repesentation of the lentiviral vector pHRSIN-
CSGWdINotl_pUb_Em. LTR long terminal repeatsRRE rev respons
element;cPPT. central polypurine tract;SFFV: spleen focus forming vir.
WPRE woodchuck hepatitis virus pestinscriptional regulatory eleme
Ub: ubiquitin. DU3: 400nucleotide deletion in the 3'LTR that abolis
promoter activity.
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OBJECTIVES

1 To clone separateDENV NS protein cassettes into the dual promoter

lentiviral vectorpHRSIN-CSGWdINotl_pUb_Em

1 to generate five different K562 cell lines, each one Igtalpressing an
individual DENV NS proteincassetteby transducing K562 cells with the

corresponding lentiviral vectors

1 to validate and optimise the expression of DENV NS proteins in K562 cells

3.3 RESULTS

3.3.1 Genaation of lentiviruses encoding individual DENVNS

proteins

3.3.1.1 Design of DENV NScassettes

In designing the separals cassette$o be cloned into the lentiviral vectane
took into accountwhat is known about the functions and localisatmfnthe
individual NS proteins n the context of DENV infectioNS2A has been shown
to act as a GPI anchor for NS1 signal and to allow the corredisiattan of NS1
in the ER (bapterl, sectionl.2.4.) (Falgoutet al. 1989; Jacobst al.2000) and
therefore NS1 and NS2A were expressed togethee proteolytic site between
NS1 and NS2A in DENV polyprotein is recognised and cleaved by an ER
protease (see sectidn2.4.), generating two individual proteinslS3 and its co
factor NS2B were also expressed togettobapterl, sectionl.2.4.9 (Erbel et al.

2006) and the proteolytic site between the two is cleaved by the proteolytic
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complex NS2B/NS3 in an autoproteolytic evehihe short 2K fragmeribcalised
between NS4A and NS4B was cloned at thtefhinal of NS4B, to allow correct
localisationof NS4B in the ER dhapterl, section1.2.4.9 (Miller et al. 2007)

and because i sequence has been reportecokay a roé the IFN antagonis
attributed taNS4B (MunozJordaret al. 2003) This short sequence is also known

to be cleaved by host proteases. Therefore, all the NS protein cassettes were

engineered in orddo be finally expressed as individual proteins.

Each cassette (NS1/NS2A, NS2B/NS3, NS4A, NS4B, and NS5) was amplified
by PCR from the DNA genome of the DENV replicb@prMEPAC2A: forward
and reverse primers were desgnn order to incorporate BamHI andoN
restriction sites at the 5° and 3" termirespectively, necessary for subsequent
cloning into the lentiviral vector. A Kozak sequence (CACCATG), required for
optimal transcription in eukaryotic systems, was inserted immediately
downstream of the regttion site in all the forward primeranda stop codon was
incorporated before the restriction site in all the reverse prigseeschapter 2,

Table 21).

3.3.1.2 Cloning of DENV NS protein cassettesnto the lentiviral vector
pHRSIN CSGWdINotl_pUb_Em

After high-fidelity PCR amplification, the correct size of each PCR product was
confirmed by DNA electrophoresigigure 32, A). Restriction digest of linear
amplified fragments isinefficient, and therefore eadiluntended PCR product
was first subcloned into the vector pGBM Easy, and then sequentially
digested by the restriction enzymes BamHI and Notl. Inserts were separated by

DNA electrophoresis, isolated by gel extraction and purification, and finally
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cloned into the linearised and dephosphorylated lentiviral vector, as described in
chapter 2 section2.1 Correct sequences and insertions were checked by double

digestion BamHNotl (Figure 32, B) andby DNA sequencing.

For generation of lentiviruses, all lentivector constructs were amplified by DNA

midi-preparations.
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Figure 32|

A. Gel electrophoresis of PCR products amplified from the DNA replico
DCprMEPAC2A Each cassettdNS1/NS2A, NS2B/NS3, NS4A, NS4B, ¢
NS5) was amplified byHigh-Fidelity DNA polymerase from the DNA replic
DCprMEPAC2A, and thé’CR products were analysed by gel electrophor
The gel shows the correct size of each fragnaent the absence of unspec
bands.

B. Gel electrophoresis of lentiviral vectors containingndividual DENV NS
protein cassettes, before and after double digestion BamHNotl. Eact
cassetteamplified by PCR was subcloned into the pG&Nl Easy vecto
extracted by double digestion BamiNbtl and cloned into the lentiviral vec
pHRSIN-CSGWdINotl_pUb_Em. In order to verify the presence and ct
insertion of each cassette,nyy of eachvectorwas digested by the restrict
enzymea BamHI and Notl and loaded on agarose gel. The picture show
construct before and after double digestion.
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3.3.1.3 Virus preparation

Each virus was prepared by transient transfection of 293T cells thth
lentiviral vectors described above and two more plasmids: a -duldted
packaging plasmid coding for Hlagandpol genesyequired for vector particle
production and efficient transduction of target celled the envelope plasmid
VSV-G. VSV-G enwlope protein binds to target cells via a receptdependent
mechanism, interacting with common phospholipids on the membrane of the
target cell. VSVG conferson the virus a broad tropism and makes the virus
particles resistantto ultracentrifugation ah longterm storagg furthermore, it
directs lentiviral vector entry to an endocytic pathway, which reduces the
requirements for viral accessory proteins for infectigrgriewed in Cockrell and

Kafri 2007) Viruses were prepared as describechapter 2section2.2

Viruses were titrated by infecting 293T cells with sequential dilutions of virus
and measuing GFP expression by flow cytometry after 72 hours: depending on
size and characteristics ohe transgene, virus titres wefd’-10° infecting

units/ml.

3.3.2 Developmentof K562 cell lines expressing individual
DENV NS proteins

3.3.2.1 Transduction of K562

The lentiviruses described above were employed to transduce K562 cells.
Transduction of K562 was carried out at a multiplicity of infection (MBt
ensuré at least 50% transduced cellsdat the same timminimised the number

of vector integrating copiegn order to minimise the risk of experimental artefacts
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from disruption of host cell genels order to assess the optimal MOI to employ,
we transluced K562 cells at MOI 1,,4nd 7 with the lentivirus containing the
NS1/NS2A cassette. After 72 hours, GFP expression was measured by flow
cytometry. As shown ifrigure 3.3 at MOI 4 more than 50% of the cells (74%)

were GFP positive, and therefore wese MOI 4 for all the other transductions.

K562 cells were transduced at MOI 4 with each lentivirus (NS2B/NS3, NS4A,
NS4B, and NS5) and the expression of the reporter GFP was measured 72 hours
later by flow cytometry Figure 3.4. GFP positive cells werthen separatelly

FACS sorting.

3.3.2.2 Protein expression

Viral integration could be assessed by detection of the reporter transgene GFP,
but direct assessment of DENV protein expression was possible by immunoblot
only for NS1/NS2A, as no other specific antiteglivere available at the time of
the experiment. Aslescribedn chaper 1 Gection1.2.4.9), DENV NS1 localises
both intracellularly and on the cell surface, but it is also secreted from the cell
(Mackenzieet al. 1996; Jacobst al. 2000; AlcorLePoderet al. 2005) In order
to assess whetherdlprotein was correctly expressed, processed and secreted, we

tested NSZkxpressiorboth by immunoblding and by ELISA.

For immunoblotting5-10° K562_NS1/NS2A cells were lysed and proteins were
separated by SDBAGE. Immunoblot was perfornteusing an antibody specific
for NS1. Surprisingly, we could not detect any sigimal NS1 from K562 cells
transduced with NS1/NS2A lentivirus, despite a strong signal from dengue
replicon containing cellsncluded as a positive contr@data not shown)e next
tested the presence of NS1 in the supernatant of the same cells by ELISA: only
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low levels of extracellular NS1 were detectable (ab200 ng/m). Taken
together, these results suggested tihabur lentiviral system DENV NS1 is

correctly xpressednd processed, bakpression levels are low.

3.3.2.3 Transgene expression igiminished over time

High levels of GFP expression were sustained over time, suggesting that the low
NS1 transgene expression does not depend on low efficiency of transduction or on
insufficient number of integrated copies. We therefore hypothesised that(ejther
the SFFV promoter might not have been efficient enough to sustain sufficient
levels of protein expression in K562, db) that other translational/pest
translational mechamss, such as transcriptional silencing, could intervene and
compromise protein productionn order to test the efficiency of the SFFV
promoter, we checked the expression of NS1 by immunoblot shortly after
transduction, and we also tested whether integrabb more copies of the
transgene could overcome poor expression efficiency. We therefore transduced
K562 cells at MOI 4, 10and 20. After 72 hours, we measured GFP expression by
flow cytometry. Transduction efficiency was higher than 96% at all M@jure
3.5, A). At higher MOI, the mean fluorescence intensities of @fe slightly
increasd (55 at MOI 4, 68 at MOI 10, and 103 at MOI 2pjesumablyeflecting
morelentivectorcopies integrated in the cell genome. Three dags,laells were
lysed and proteins were separated by $SIA&SE. NS1 expression was tested by
immunoblot: as shown ifigure 35 B, similar levels of NS1 were detectable in
all samplessuggesting that, shortly after transductidre transgene is expressed

and the SFFV promoter is functional in K562 cells.
Finally, to test whetheprogressivesilencing was occurring ovetime, we
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transduced K562 cells at MOI 25 to ensure that all cells were GFP positive and no
preferential expansioof untransduced cells occurred. We then measured both
GFP (flow cytometry) ath NS1 expression (immunoblofj2/96 hours after
transduction and 1 month later. As shownFigure 3.6 GFP expression levels
were maintained ovetime (Figure 36, A); in contrast we observedhat one

month after transductioNSlexpressiomwas reducedFigure 36, B).

3.3.3 Enhancement of protein expression over time: cloning of

the MESV leader sequence into lentiviraconstructs

We therefore hypothesised that letegm stable protein expression could have
been impaired by some pesanscriptional mechanism. In order to overcoms los
of protein expression over i me , we introduced an en:
S e g u e GaneBank accession number: AJ13208H)ldinger et al. 1999)
immediately downstream of the SFFV promatgo all the lentivirus constructs
containing the NS protein cassettes. The leader sequence, originally isolated from
murine embryonic stem cell vir®ESV), constitutes the upstream untranslated
region that in retroviruses controls translationgafg The introduction of an
intron in the 5 untranslated sequence, containingiimimal splice acceptor
oligonucleotide reducs silencingof eukaryotic gees; noreover, all the aberrant
AUG starting codons have been removed in order to abrogate the expression of

aberrant protein@ildinger et al. 1999)
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Figure 3.3|

Transduction efficiency of the lentivirus NS1/NS2A at MOI 1, 4and 7. K562
cells were transduced at MOI 1, 4, andGFP expression (x axes) in transdt
cells (black line histograms) was measured by flow cytometry 72 hours
transduction. Untransduced cells (plain gray histograms) were usgtexmtive
control. The percentage of GFP positive cells is calculated by comparison w

negative control.
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Figure 34|

Transduction efficiency of K562 cells, transducedoy different lentiviral
vectors. K562 cells were transduced at M@Iwith the lentiviruses NBNS2A
NS2B/NS3, NS4A, NS4B, oNS5. GFP expression (x axes) in transduced
(black line histograms) was measured by flow cytometry 72 hours
transduction. Untransduced cells (plain gray histograms) were usedeggsive
control. The percentage of GFP positive cells is calculated by comparisc
the negative control.
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